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ABSTRACT
14 cm. lengths of bare copper wire (diameters 0.0025 cm. and 
0.004 cm.) passing through a length of X-band wave guide were exploded 
by means of a 0.1 yF capacitor charged to various voltages. Measure­
ments of microwave reflection and transmission and simultaneous high­
speed framing camera photographs were taken.
For the 0.0025 cm. diameter wires the first current pulse was 
comparatively long (^  24 microseconds at 5 kV, the threshold for 
explosion) and the photographs clearly show the formation of striations 
caused by surface arcs occurring before the current ceased. The 
formation of these striations (observed previously by various experi­
menters), and the occurrence of explosion at energies appreciably 
less than that required for total vapourisation, are attributed to 
slight variations in the wire along its length. The theory of the 
effect of variations in cross-section is developed and it is shown 
that for copper slight cross-section differences cause temperature - 
’instabilities’ such that, if a wire contains a section with radius 
1 0 % less than the rest, the temperature of this section reaches the 
critical temperature (9030 K) whilst the rest of the wire is at 
about 2 0 0 0  K.
For the 0.004 cm. wires the explosion is much more rapid, the 
first current pulse being about half a microsecond, and more uniform. 
The uniformity is attributed to the further development of the break-
down at the end of the first current pulse which reverses the growth 
of instabilities. The plasma formed in these explosions is 
initially at a high temperature and highly reflecting at X-band 
frequencies for a period of 5-50 microseconds, after which there is 
a sharp drop in reflection. The cooling of the plasma and its 
resultant properties are discussed, and possible reasons for the 
microwave behaviour are considered. There is insufficient data to 
reach very definite conclusions, although the results of the cal­
culations performed are in qualitative agreement with the observed 
phenomena.
LIST OF SPECIAL SYMBOLS USED
Specific heat of solid at constant pressure. 
Specific heat of liquid.
Electron number density.
Time of sudden drop in microwave reflection.
Time of start of melt.
Time of finish of melt.
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CHAPTER I
INTRODUCTION
1.1 Historical Background
For a long time interest has been shown in the processes occurring
when a wire is exploded electrically, and over the last decade a con-
(1 2 )siderable number of papers has been published on this topic. *
Most of the studies are concerned with either measuring the current 
and voltage during the initial pulse of current which ejqplodes the wire, 
or examining the arc discharge formed on restrike. Little interest 
has been shown in the plasma formed by explosion when no restrike 
occurs, although this plasma is an interesting one as it consists of 
matter in a state (difficult to attain in a terrestrial environment) of 
very high temperature and density, and is more akin to a stellar plasma 
than those produced by the more conventional laboratory methods. This 
is because the plasma exists without a strong magnetic field, and is 
much closer to thermal equilibrium than a diffuse plasma in which a 
current is flowing. This form of plasma is of particular interest in 
view of the current developments in astrophysics and the possibility 
of direct solar observation from outside the atmosphere.
The conclusions drawn from the articles discussed in the author's
(2)dissertation for the degree of M.Sc. were that during explosion the 
wire passes through various distinct stages which are fairly simple to 
understand qualitatively, although quantitative treatment is difficult
due to the problem of obtaining accurate data at the very high temp­
eratures and rates of change involved. These conclusions are given 
below in some detail.
1.2 Sequence of Events During Explosion
If a high enough current passes through a wire it explodes, and
the distinction between explosion and fusion must be stressed. When
a wire is fused, the metal breaks into droplets after a comparatively
long time, of the order of milliseconds. On explosion the wire
ruptures within microseconds. The latter may occur even when the
total energy delivered to the wire is less than the theoretical
(3)amount required to completely vapourise it.
The explosion of a wire was considered in three main stages:
(a) First Current Pulse
The first stage covered the initial pulse of current 
which heats the wire very rapidly and, in the short 
time before the temperature and pressure of the res­
ultant gas cause it to expand outwards, very high 
temperatures can be reached. During this stage the 
wire may retain its ohmic conductivity even whilst 
gaseous.
(b) The Current Pause
In the second stage the wire, by now well above
- 3 -
boiling point, is assumed to have expanded out 
beyond the point where the potential wells of 
neighbouring atoms overlap and the (D.C.) 
conductivity has fallen by many orders of 
magnitude, causing the current to fall to 
practically zero. For copper it has been
( i f )
estimated that this occurs when the volume 
has increased by roughly eightfold from that 
at room temperature.
(c) The Restrike
The expansion of the plasma produced by the wire 
continues whilst the pressure is greater than 
that of the surroundings. In general there 
will be a residual field across the plasma (due 
to the voltage remaining on the capacitor used 
to explode the wire) and during this expansion 
the density may fall to the point at which the 
mean free path is large enough for electrons to 
pick up more energy in the field between 
collisions than is required to produce ionisation. 
If so an avalanche discharge builds up and an arc 
forms through the plasma, discharging the 
capacitor, this second flow of current being 
termed the restrike.
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Omission of a stage
The first current pulse is always present, but one or other of 
the two later stages may not occur. If the residual voltage after 
the first pulse is high or the wire short, the inductive overvoltage 
at the initial cut-off of current may cause the air around the wire 
to break down, and an arc forms around the wire with no pause.
If on the other hand the residual voltage is small and/or the 
wire long, the residual field may not be sufficient to break down 
the plasma at its greatest expansion, and the restrike then never 
occurs.
In the work reported on here, long (14 cm.) wires are used and 
the pause is always long enough to observe the events of interest 
before restrike occurs.
1.3 Present Project
The object of the present project was to examine the explosion 
processes of electrically exploded wires and measurements were made 
of the reflection and transmission of microwaves at X-band during 
the explosion of a copper wire in the wave guide propagating the 
microwaves, together with time correlated high-speed photographs of 
the explosion. It was hoped that microwaves would provide inform­
ation about the high frequency conductivity of the plasma formed 
and that the photographs would indicate the physical form of the 
explosion.
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The results obtained show that9 whilst the explanation of 
explosion given in the previous section is possible in those cases 
in which the energy dissipated in the wire is enough to fully 
vapourise it (as in all the experiments here performed on 48 S.W.G. 
wires), it is unsatisfactory when the wire explodes with only suf­
ficient energy input to vapourise a small fraction of the material 
(as occurs in the work on 50 S.W.G. wires).
In the latter case the first current pulse is followed by an 
* explosion' which does rupture the wire and cut off the current, 
but this occurs at energy inputs considerably below that required 
for total vapourisation of the wire material, and it will be shown 
in Chapter V that this is the result of highly inhomogeneous 
heating of the wire.
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CHAPTER II 
INITIAL EXPERIMENTS
2*1 Apparatus to explode the wire
Some preliminary experiments were carried out to select 
suitable parameters for the experimental work. To explode the 
wires an aluminium box with perspex ends was made up containing 
a 0.1 microfarad capacitor in one half and a 0-30 kilovolt variable 
voltage supply in the other9 separated by a perspex screen. A 
photograph of the box with top and sides removed is shown in 
Figure 5, page 11•
The capacitor was charged to the desired voltage and then dis­
charged through the wire via a triggered spark gap. The circuit 
used to trigger the gap is described in Appendix I3 and Appendix II 
contains a description of the specially designed current measuring 
resistor9 necessary to measure the very high currents ('v 1 0 11 amps) 
and rates of change of current 1 0 1 0  amps/sec) without inductive 
distortion.
The voltage across the wire was measured by means of a resis­
tive voltage divider and the signals from this and the current 
resistor were transmitted to the twin beam Tektronix 555 oscilloscope 
by 50 ohm low-loss co-ax cable j, terminated at the oscilloscope inputs 
by 50 ohm broadband matched loads.
f —
y\A"—
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A second pack of similar design was built to fire the xenon flash 
tube in the later experiments involving photography, to provide back­
lighting.
2.2 Confirmation of sequence of events previously described
The first explosions studied were of different lengths of 48 S.W.G. 
(0.004 cm. diam.) bare copper wire, exploded at voltages from 18 to 
30 kilovolts.
Figures 1-4 represent a series of current versus time oscillo­
scope traces taken during these experiments with a variety of capacitor 
voltages and wire lengths. These are tracings as it proved imposs­
ible to obtain satisfactory photographic reproduction of the original 
polaroid prints, due to the faintness of the initial current pulse 
trace. In all traces the initial current pulse is negative going, 
the peak value varying from 1  to lj major graticule divisions 1\ 
to llkA.) and the pulse duration is 0.4 to ly secs, (horizontal 
sensitivity = 2 y secs./major division).
In Figure 1 the wire is 1 cm. long and in all cases the inductive 
voltage surge at explosion produces a strong enough field to cause 
immediate breakdown in the air around the wire, giving no pause.
In the other traces (Figures 2-4) the wire is longer (2 cms. or 
more) and in all cases no immediate breakdown occurs, there being a 
pause after explosion. In Figure 2 the restrike shows up clearly
- 9 -
after several microseconds. It can be seen that if V. (the initial
1
capacitor voltage) is 20 kV, the current flows for about half of a 
full oscillatory cycle, actually leaving the capacitor charged in 
the reverse direction during the pause (this is confirmed by traces 
of voltage across the wire vs. time, taken under.the same conditions). 
As V\ is increased, the wire explodes at progressively earlier 
points on the cycle until at 'v, 28-30 kilovolts the capacitor 
voltage is zero at the cessation of conduction (i.e. one quarter 
cycle of current flows before cut-off).
As the wires are progressively lengthened (Figures 3, 4) the 
pause time for a given voltage increases (due to the weaker field 
resulting from the greater gap left). For wires longer than 6  cms. 
or so the pause becomes greater than 2 0  microseconds.
2.3 Microwave Equipment
After the production of a suitable form of apparatus for the 
explosion of the wires, attention was turned to the best method of 
making microwave measurements on the plasma. Firstly, the alter­
natives of a free space or a closed system were considered. In a 
free space system, the wire stands in the open and microwaves are 
transmitted from an aerial or horn at the wire. The scattered power 
is then picked up via horn(s) or aerial(s). In a closed system, 
the wire passes through a section of guide or a cavity and the effects 
on the transmission or 'Q? can be monitored as the wire explodes.
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(a) Free space system
The main advantage of this system is that9 providing the 
material is not too close to the wire, it can be analysed 
in terms of a simple plane wave incident upon the wire. 
However9 with an aerial placed well away from the wire a 
long wire is required to avoid end effects; the system 
being a ’single shot’ one which lasts for about ten micro­
seconds 9 continuous monitoring of the polar scattering 
pattern is impossible9 and successive shots are not suf­
ficiently reproducible to allow accurate plotting over 
numerous shots; also the scattered power is small which3 
as it is preferable to work with continuous microwaves 
because of the single shot nature of the event3 creates 
difficulties due to the limited available oscilloscope 
sensitivity. In view of these difficulties the free 
space system was not used.
(b) Closed systems - Cavities
Cavity methods were not considered suitable. The normal 
method of using a cavity is to measure the effect of the 
object under investigation on the resonant frequency and 
’Q* of the cavity9 which requires that the cavity frequency 
be swept. As the object under investigation is changing 
rapidly9 this would require a sweep repetition frequency
- 11 4
FIG 6
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of the order of 10 MHz. This precludes mechanical 
tuning of the cavity and raises difficulties in prac­
tice as the oscilloscope bandwidth required to give an 
accurate Q-curve would then have to be 100 MHz which is 
considerably larger than that which was available.
(c) Closed system - Object across guide
Eventually it was decided to run the wire directly 
through a section of wave guide. The main difficulty 
was the introduction of the wire into the guide in 
such a way as to avoid breakdown between the external 
circuit and the wave guide at explosion. This was 
done by the arrangement sketched in Figure 73 where 
the wire passes straight through a section Of type 16 
wave guide (perpendicular to the guide axis and 
parallel to one or other of the wave guide faces) 
passing through nylon bushes where the wire enters and 
leaves the guide* This system proved simple and 
reliable3 the wire for each shot being threaded through 
the guide by means of a needle.
A twin-beam Tektronix oscilloscope was used for making measure­
ments. It was not possible to obtain extra channels by 'chopping' 
procedures in this case due to the single shot nature of the 
event9 and this meant that, of the four microwave parameters measurable
SKETCH OF GUIDE SECTION USED TO HOLD WIRE
GENERAL VIEW
NYLON
BUSH
RJGE:
3 G
2]
CROSS-SECTION
FIG 7
SKETCH OF INITIAL MICROWAVE ARRANGEMENT.
CIRCULATORKLYSTRON
ISOLATOR WIRE PASSING- 
THROUGH GUIDE
MATCHED 
] CRYSTAL 
DETECTOR
FIG 8
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(i.e. magnitude and phase of reflection and transmission), only two 
could be monitored continuously during a given shot. The usual 
measurement made in determining the characteristics of an object is 
of the standing wave pattern, but this did not prove to be feasible 
in this case. As the pattern lasts only for a few microseconds, and 
is changing during that time, the use of a moving probe is clearly 
impracticable and fixed probes must be used. This immediately loses 
the two great advantages of standing wave measurements, namely the 
ability to measure with considerable accuracy the location of the 
maxima and minima, and the direct comparison of their amplitudes using 
the same probe and crystal.
Various experiments were tried using a directional coupler before 
e
the wire and he^jrodyning the (coupled portion of the) reflected signal 
with a portion of the incident wave as a reference. Difficulties 
were experienced with this system due to the low power of the signal 
after passing through the directional coupler and particularly due 
to the difficulties of accurate calibration in terms of reflected 
phase and voltage for a signal varying considerably in amplitude 
during the experiment.
Eventually the system used was a form of the arrangement sketched 
in Figure 8 . In this the signal is fed into the section of wave 
guide containing the wire via a three port circulator. The trans­
mitted and reflected powers are monitored by crystals beyond the 
wire and on the third port of the circulator respectively. Both
-  15 -
SKETCHES OF MICROWAVE REFLECTION AMD TRANSMISSION TRACES
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FIG 9
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50 usee.|1S(
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0
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100#
0
1 0 0 $
V± = 28 kV.
FIG 10
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crystals are matched by three-screw tuners to absorb all incident 
power. This system has the advantage that the total transmitted 
and reflected powers are measured very directly with a minimum of 
possible sources of error, and that all the reflected and trans­
mitted power is converted to signal. Also, knowing these two 
parameters, the loss at the wire is known. On each oscilloscope 
trace of microwave reflection and transaission the zero and 100% 
levels of reflection and transmission appear as reference lines.
These were obtained by taking superimposed photographs of single 
traces immediately after the explosion with and without a short 
circuit inserted into the wave guide near the position of the wire.
Initial Measurements
The initial measurements were made with the arrangement sketched 
in Figure 8. After interaction with the wire the reflected portion 
of the signal returns via the circulator to a matched crystal, whilst 
the transmitted portion continues and is picked up by a second 
matched crystal.
The first wires to be used were 48 S.W.G. copper wires, exploded 
by means of the apparatus described in Chapter two. These were 
initially passed through the wave guide parallel to the broad faces 
(i.e. perpendicular to the electric field). The form of the 
traces obtained is sketched in Figure 9. The initial transmission 
is unaffected by the presence of the wire, but on explosion the
- 17 -
transmission drops steadily over about forty microseconds until it 
is zero. During this period the reflection rises slightly during 
the first few microseconds and then falls again, and then rises 
slightly as the transmission falls to zero.
The initial interpretation of the traces, born out by later 
measurements and photographs, was that the expanding plasma formed 
by the exploding wire moves out cylindrically to fill the wave guide 
from side to side, and then spreads along it. The plasma appears 
lossy but not very reflective at the frequencies involved, and so 
as the plasma increases in size the transmission drops to a neg­
ligible amount, but the reflection increases very little. After a 
further period of time the vapour condenses and the guide charac­
teristics revert to those with no object present.
The two distinct horizontal ’steps’ on the transmission traces 
are probably due to the multiple reflections of the shock front of 
the plasma from the broad faces of the wave guide.
When similar wires were exploded in the wave guide aligned 
parallel to the short faces of the guide (i.e. parallel to the elec­
tric field vector) the traces were of considerably more interest.
The presence of the wire in the guide produced an appreciable 
reflection before explosion. On ejqjlosion the levels of trans­
mission and reflection varied only slightly for a few microseconds, 
and then there was a sudden fall to practically zero reflection
-  18 -
whilst the transmission died away gradually as the plasma filled the 
guide, and the reflection remained small. Sketches of the form of 
traces of microwave reflection and transmission are shown in Figure 10. 
(Some actual traces are shown in Figures 29-32.)
This characteristic behaviour was reproducible although the fine 
detail of the trace varied from shot to shot. Increasing the initial 
voltage on the capacitor caused the time between the explosion and the 
occurrence of the drop in reflection to decrease3 and this time varied 
from a fraction of a microsecond to twenty microseconds and more.
This compares with the (approximately) half microsecond duration of 
the initial current pulse observed with 48 S.W.G. wires.
Final Microwave Arrangement
In the final set of measurements taken, photographs of the wire 
exploding inside the wave guide were required at the same time as the 
microwave transmission and reflection were monitored, and the apparatus 
had to be so modified as to enable a flash tube and camera to be 
placed either side of the wire without interfering with the microwave 
measurements. The problem was to arrange that the section of guide 
in which the wire was exploded should be open at both ends and com­
pletely free of visual obstruction, whilst retaining the ability to 
couple microwaves into and out of this section without loss from the 
open ends.
A system was designed which fulfilled this requirement^ and a 
sketch of this arrangement is given in Figure 11s on the next page.
In the sketch it can be seen that the horizontal section, H, of the 
guide is joined by four other sections of guide. The two outer sec­
tions are stubs SI, S2 with moveable short circuits, whilst the two 
inner sections LI, L2 are to couple the microwave power in and out of
the horizontal section. <:
The operation of the arrangement is best understood in terms of 
the equivalent transmission line. In use the short circuits in the 
two stubs are adjusted so that they present a short circuit across 
the line (H) where they join it, reflecting all incident power and 
containing the microwaves within the central portion of the line. An
impedance, Zl, across the line LI is then adjusted to eliminate
reflections from its junction with H so that all incident power from 
the klystron passes through into the horizontal section, H, and along 
towards the wire. A second impedance, Z2, across L2 is similarly 
matched so that all power passing the wire is guided down L2.
In practice the junctions are plain E- or H-plane Tee junctions, 
the short circuits are standard plunger types, and the matching 
impedances are moveable posts with variable penetration. Figure 6 is 
a photograph of the apparatus in its final form.
The first stage of setting up was to place crystal detectors at 
each end of section H and adjust the short circuits for zero output at
MATCHED
CRYSTAL
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these points with the klystron on. A matched load was then placed at 
the approximate position of the wire and the post in LI adjusted for 
zero reflection. Then the full arrangement was reconnected and the 
post in L2 adjusted for complete transmission (with no wire present). 
Care should be taken when setting up such a system as misadjustment 
can produce a resonance in the main section of the guide, the volume 
between the two stubs and the two posts acting as a cavity.
When correctly adjusted the power escaping via the open ends was 
more than 40 dB down, and the power reflected back to the circulator 
with no wire in position was more than 25 dB down on the level in the 
guide, whilst the section of guide containing the wire was open at 
both ends and entirely free of visual obstructions.
2.4 Photography
As stated in the previous section it was considered necessary to 
obtain photographs of the wire as it exploded, and there were several 
reasons for this. Firstly, the effect on microwave transmission of 
a cylindrical object placed across a wave guide can be strongly 
dependent on the radius, and also the surface area (and hence radius) 
of the cylinder is required when computing the rate of heat loss. It 
was further considered desirable to check that during the explosion of 
the wire the shape of the plasma produced was not distorted from the 
cylindrical by the effect of the wire passing through the wave guide 
and insulating bushes; and it was thought that photographs might
~ 22 ~
supply valuable information on the explosion processes. In fact, a 
great deal of invaluable information was obtained from the photographs.
The first thing to decide was what form of photography would be 
best in the circumstances. Efforts were made to hire or loan a high 
speed framing camera, and at the same time a method of taking silhouette 
flash photographs of the wire-was developed. In this method the wire 
was exploded passing through the length of guide shown in Figure 7, 
and illuminated at some time during the explosion by a very short, 
intense flash from a xenon flash tube at one end of the wave guide.
A time exposure of the explosion taken by a camera at the other end of 
the guide then produced a silhouette of the wire at the instant of 
the flash. In order to provide a suitable flash the xenon flash tube, 
placed in series with a length of fine wire, was connected via a spark - 
gap to the second capacitor and 30 kV power pack mentioned in section 
2.1. The spark gaps triggering the wire and flash-tube discharges 
were synchronised by means of the circuits described in Appendix I, 
adjusted so that the flash-tube fired a definite interval after the 
wire exploded. When the flash tube fired, the current rose to a very 
high value,initially, and then the fine wire exploded cutting off the 
current abruptly. Using this method with one of the 0.1 microfarad 
capacitors charged to 30 kilovolts and a five centimetre, 48 S.W.G. 
copper wire, the current pulse produced in the flash tube was of the 
order of one microsecond in duration rising to a peak current of 
about 10 kiloamps.
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Some of the pictures taken using this technique are shown in 
Figure 12. The position of the wire at the instant of firing the 
flash is apparent, but the definition and general quality are poor.
This arises partially from the fact that the wire itself is self- 
luminous, and although the luminosity of the flash is greater the 
wire remains incandescent for a comparatively longer time and hence 
the integrated effect is considerable. Also later photographs with 
a framing camera indicated that the discharge tube continued to emit 
light after the cessation of the current pulse, the light taking 
several microseconds to die away and thus further blurring the image.
Coupled with these facts are certain other disadvantages of the 
flash method of photography. One is the difficulty of relating, the 
time of the flash to that of the explosion accurately, and particularly 
undesirable is the necessity of taking a large number of individual 
'shots’ of different wires exploding to obtain a single radius versus 
time plot for a given set of parameters. Bearing in mind the time 
required to take such a set of pictures, and the errors due to slight 
variations between explosions made under nominally identical conditions 
it was decided that this method was not suitable for the project.
The method can, however, be used to good effect where a cheap, simple 
method of taking single-shot, high speed, silhouette photographs is 
required.
Eventually the Culham Laboratories of the A.E.R.E. very generously 
agreed to loan us a high speed rotating-mirror framing camera, and this
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proved invaluable in obtaining the necessary pictures. The camera 
could produce sixty sequential photographs of the wire as it exploded, 
at framing rates of up to eight million frames/second. By suitable 
arrangement of the apparatus it was possible to obtain a set of 
photographs of the wire exploding, together with a time correlated 
record of the microwave reflection from and transmission past the 
photographed plasma.
After some initial experiments to assess the capabilities of the 
camera, it was built into the complete, integrated system which is 
described in the next chapter.
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CHAPTER III
THE FINAL SYSTEM
The final system is somewhat complicated, but the schematic 
sketch’in Figure 13 should aid the description. Firstly the main 
items of equipment will be described separately, and then the com­
bination of these as an integrated system will be explained.
3.1 The High Speed Framing Camera
This is undoubtedly the most complex single item, although the 
principle of the camera is reasonably simple. A small, rectangular, 
stainless steel mirror is mounted on a shaft which has a small turbine 
at one end. When compressed air is blown through the turbine the 
mirror rotates about its axis, which passes through its centre paral­
lel to the longer sides. The compressed air also pressure feeds oil 
to the mirror-shaft bearings from an oil reservoir on the camera.
An image of the object to be photographed is formed at the image 
plane of the camera by means of a large, high quality lens, and the 
light then passes through the optical system of the camera to form 
a second image at the centre of the mirror.
A strip of 120 size film (kodak TXP 220) is held in guides above 
the mirror, curving round in an arc whose centre is the mirror axis. 
Between the mirror and the film is a holder containing sixty lens
- 26 -
SKETCH OF FINAL SYSTEM
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segments of appropriate focal length, and as the mirror rotates 
sharply focussed images of the initial object appear and disappear 
in sequence along the film. The lens segments are displaced to 
alternate sides so that the final sequence of images is in a zig-zag 
arrangement. Enlargements of portions of these films can be seen 
in Figures 17-23.
The aperture of the system used is limited by a slit in the 
optical system which limits the beam spread to such a width that as 
one image fades when the mirror is turned the next starts to appear, 
and by the time one image attains maximum brightness the previous one 
has disappeared.
A small auxiliary eyepiece and shutter, focussed in the plane 
of the film, enable fine focussing of the image to be carried out.
A (comparatively slow) electromechanical shutter is provided in 
the main optical system, which can be left closed until the camera is 
ready to take the pictures.
With the mirror running at 3 kcs/sec, the highest speed used, 
the framing speed was about 5 frames/microsecond. In addition to the 
main optical system producing the pictures, there is a secondary sys­
tem for synchronisation purposes. A lamp, slit and lens system 
produce a fine parallel beam of light, displaced to one side of the 
axis of the primary optical system. This beam reflects from the 
rotating mirror, and as it turns the beam crosses two slits, each in
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front of a photomultiplier, as the first and fifty-eighth of the images 
produced by the main optical system appear. With the mirror rotating 
at three thousand revs./sec., the photomultipliers with their cathode 
followers give 2j volt, J microsecond pulses synchronised with the 
taking of the 1st and 58th frames. The events to be observed can 
then be triggered by the pulse from the photomultiplier opposite frame 
one.
Some minor modifications were made to the camera whilst it was 
being used. A small aluminium plate with a mirror on it was temp­
orarily attached near the position of the 58th frame to enable the 
pulse from the 2nd photomultiplier to occur as this frame was taken 
(the photomultiplier itself being well outside the actual arc of 
the camera field used).
A strip of used film was wound into one cassette, and used to 
draw out the fresh film from the other by means of a specially made 
flush clip. This allowed the fresh film to be wound out, exposed 
and wound back, the cassette then being unclipped and unloaded in a 
dark room, as otherwise a wastage of film of about 75% occurred.
A second aluminium plate held a micrcswitch connected to an 
external indicator lamp and operated by the film clip to indicate when 
the film was properly in position.
A power pack built specifically for the camera provides all the 
necessary voltage lines for the lamp, photomultipliers and cathode
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followers, shutter, etc., and a separate unit measures the speed of 
rotation of the mirror.
3.2 The Timing Unit (Unit E, Figure 14)
The timing unit is the central unit and controls the synchroni­
sation of the various parts of the system. A description of the
circuitry employed is given in Appendix III. The function of the
circuit is to amplify the pulses from the camera photomultipliers 
sufficiently to produce intensity modulation of the oscilloscope beams, 
and to provide trigger pulses for the oscilloscope timebase and the 
spark gap trigger circuits.
Pulses arriving from the two photomultipliers are amplified via 
separate channels. A pulse is taken off from the channel corres­
ponding to frame one, and after passing through the flash contacts on 
the oscilloscope recording camera is used to fire the spark gap 
trigger circuits, and to start the oscilloscope timebase running via 
the ’external trigger’ input. The outputs of the two amplifiers are 
mixed, and passed to a further two stage amplifier. Switches are 
incorporated so that the resultant output pulses (about 0.4 microsecs, 
long and of 24 volt amplitude) can produce dark, bright or no intensity 
modulation on the upper and lower beams independently. These pulses 
enable accurate time correlation to be obtained between the oscillo­
scope traces and the high speed films.
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3.3 Spark Gap Trigger Units (Units A S B, Figure 14)
There are two of these, a ’master* unit and a ’slave’ unit, and a 
description of the circuitry, including the various test facilities 
incorporated, is given in Appendix I. The trigger pulse from the 
Timing Unit discussed in the previous section is applied to the ’master’ 
unit and thence to the ’slave’ unit, and each unit then provides an 
independently adjustable delay of a few microseconds before triggering 
the spark gap switch in series with the appropriate capacitor. This 
enables one to set the flash to occur before or after the firing of 
the wire, and in the initial work involving single shot flash photo­
graphy the flash was adjusted to occur at varying intervals after the 
explosion was initiated. When using the high-speed camera, however, 
the flash was setto occur just before the wire explosion was initiated, 
and instead of using a second exploding wire to limit the flash 
duration (section 2.4) one or more of a number of small inductances 
wound of thick copper wire were placed in series with the flash tube, 
which increased the natural period of oscillation of the discharge 
and lengthened the duration of light emission to last for the whole 
of that part of the explosion recorded on the film.
Capacitors (Units C & D, Figure 14)
In the final arrangement, two capacitors were required, one to 
explode the wire and one for the xenon flash tube to back-light the 
explosion for photography. Initially both were of the form des­
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cribed at the beginning of Chapter Two9 (Figure 5), but due to the 
unreliability of the power pack sections one of these was later 
modified for use with an external power pack.
Both capacitors had a current measuring resistor (incorporating 
the triggering hemisphere of the spark gap) mounted on the front panels 
supported on threaded rods which allowed adjustment of the gap width.
3.5 Oscilloscope
The oscilloscope used throughout was a Tektronix 555. This has 
a true twin beam system using separate electron gun assemblies9 and 
a variety of plug-in units for the vertical deflection system of 
which the amplifiers providing the best D.C. amplification with the 
necessary frequency response were chosen. Before making the runs 
from which the results were taken the vertical and horizontal sensi­
tivities were adjusted to correspond to the calibrated scale using a 
Weston cell and a one megacycle crystal controlled oscillator as 
standards. Facilities for Z (intensity) modulation are provided and 
these were used in conjunction with the Timing Unit previously des­
cribed to produce bright spots on the traces which correspond to the 
taking of the first and fifty-eighUi frames (Figures 29-32).
An aluminium-lined pecess was built for the oscilloscope to pro­
vide some measure of screening and during development the original 
iron dexion was replaced by aluminium to provide a good earthing system.
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An A.B.C. polaroid camera was used in conjunction with the oscillo­
scope to provide a permanent record of the traces. The camera shutter 
had the usual flash contacts, and these were used to synchronise the 
oscilloscope camera operation with the explosion as described above.
3.6 Microwave Gear
The arrangements for making the microwave measurements are those 
described in the latter half of Chapter Four, and the set-up used is 
visible in the photographs in Figure 6 and Figure 14. The gener­
ation of the microwaves is by a klystron, the heater supply of which 
was converted to D.C. to reduce amplitude and frequency modulation 
at mains frequency. The klystron operates continuously throughout 
the experiment.
3.7 Final Appearance
The photograph in Figure 14 shows the final appearance of the 
equipment. The lower capacitor (D) explodes the wire whilst the 
upper (C) operates the flash. On top of the latter is the camera 
speed indicator, and above this on the top rack is the camera power 
supply, with the power lead stretching across to the left of the 
picture to the camera itself with a cylinder of nitrogen to operate 
the turbine. To the right of the power supply is the 30 kV, E.H.T. 
supply for the upper capacitor, and beyond that the klystron power 
supply. Below these are the two spark-gap trigger units, A and B,
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and over the oscilloscope is a square wave modulator for use with 
the klystron during the setting-up of the microwave system. The 
position of the wire and flash (the far end of units C and D) puts 
them out of reach of the operating position, reducing the danger 
from shock during use considerably.
3.8 Operation of the System
The sequence of events when an explosion is to be recorded is 
as follows:
The oil reservoir in the high speed camera is filled, the shutter 
closed, the camera door closed, unexposed film wound out of its 
cassette, and the photomultipliers switched on.
A wire is threaded through the guide and soldered into position, 
and the capacitor charged up to the required voltage. The oscillo­
scope timebase is set for single shot operation and the film cover 
of the oscilloscope camera withdrawn.
The compressed air is then turned on, and when the mirror is 
turning at the necessary speed the ’fire* switch on the high-speed 
camera power pack is depressed. This opens the electro-mechanical 
shutter in the camera and switches on the lamp for the photomultipliers, 
and at this stage a train of pulses from both of the photomultipliers 
arrives at the timer unit, those from the ’frame one’ photomultiplier 
producing trigger pulses which are transmitted to one side of the flash 
contacts on the oscilloscope camera.
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The oscilloscope camera shutter is then operated, this action 
inaugurating the actual explosion and the taking of the pictures.
The oscilloscope camera shutter opens for a l/50th of a second and, 
when fully open the flash contacts close (the *X? setting is used).
The next pulse from the photomultiplier opposite frame one passes 
through the closed contacts and on to start the oscilloscope timebase 
running, and to trigger the two spark-gap trigger units which fire 
the flash tube and, slightly after this, explode the wire. This 
first pulse also puts a bright spot onto the beginning of the oscillo­
scope trace. As the wire explodes, lit by the flash tube, the high 
speed camera photographs the progress of the explosion whilst the 
oscilloscope camera records the varying reflected and transmitted 
powers from the crystal detectors. As the high speed camera photo­
graphs the 58th frame, a pulse from the corresponding photomultiplier 
is passed to the timer unit, amplified, and produces a second bright 
spot on the traces.
The ejqplosion and flash then die out before the camera mirror 
comes round again, and the high speed camera shutter is closed by 
releasing the ?fire’ switch to prevent stray light fogging the film.
Two further superimposed pictures are then taken with the oscillo­
scope camera, one with and one without a short circuit across the wave 
guide-near-to the"position-of~the”wire^ . This provides “zero-and 
hundred percent reference levels for the microwave reflection and 
transmission.
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CHAPTER IV 
RESULTS
A large number of single-shot photographs were taken using a 
technical camera and the system described in section 2.4; these 
were not a success for the reasons discussed in that section and 
little useful information was gained from them.
Using the high speed camera a number of films were taken of 
wires exploding using 50 S.W.G. Platinum, 50 S.W.G. Copper and 48 
S.W.G. Copper wires. The oscilloscope camera recorded simultaneous 
traces of the microwave reflection and transmission, or of the 
current in the wire and voltage across it.
When the final system (as described in Chapter III) was running 
six
correctly a set of .fifteen films of the explosion of 50 S.W.G. Copper
wires at voltages from 5 kV to 21.6 kV were taken, plus a further
four films of the explosion of 48 S.W.G. Copper wires at voltages
from 21.6 kV to 27 kV, and in all cases the microwave transmission
and reflection were recorded simultaneously by the oscilloscope 
twenty
camera. These nineteen, recordings form the basis for the analysis 
of the explosion processes in the next Chapter.
Development of the High-Speed Pictures
These were developed using a very fine grain developer (Acutol),
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to obtain the best resolution from the rather grainy film used to 
provide the necessary speed (Kodak TXP 220, speed 400 A.S.A.). The 
makers quote an (unofficial) figure for the obtainable resolution of 
the film of about 130 line pairs/mm., which is of the same order of 
size as the image of a 50 S.W.G. wire with the optical system used, 
but the image size of the wire on the actual films was about 
0.004 cms. for 50 S.W.G. wires (true image size should be 0.001 cms.) 
and 0.006 cms. for 48 S.W.G. wires (true image size should be
0.0016 cms.). We were advised by the group at Culham from whom we 
borrowed the camera that the resolution was, in fact, limited by 
the turbulence of the air around the mirror (the outer edges of 
which are travelling at about 300 metres/second) rather than the 
grain size and that the mirror chamber could be evacuated to over­
come this. Unfortunately, in the camera we were using the rotor 
bearings ware worn and difficulties had already been experienced 
with oil from the rotor bearings leaking into the chamber and onto 
the mirror, so evacuation was not practicable. However, the quality 
of the final photographs was otherwise quite good and enlargements 
of some of then are shown in Figs 17-23.
Measurement of Image Size
This was carried out using a Joyce & Loebel twin-beam micro-___
densitometer. This produces a trace of film density versus distance 
across the negative, and the model used had a magnification from 
negative to trace of slightly more than fifty times. For each film.
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traces of the wire diameter in each frame after explosion up to about 
frame thirty were taken, and thereafter in alternate frames up to 
frame sixty (except where the object became too diffuse to show 
against the background) and this was done for all nineteen of the 
films finally analysed. The actual magnification of the final 
trace with respect to the original object was determined by taking 
a trace of a frame parallel to the wire, which clearly shows the top 
and bottom of the guide (0.4 inches apart).
In order to present these values of diameter in a convenient 
fashion for further analysis the measured diameter values from the 
traces were put on punched tape, together with information iden­
tifying the frames and giving the time for 58 frames, and these 
values were then processed by computer. The programme, after 
reducing the cylinder diameter to metres and the time intervals to 
microseconds, used a standard computer library subroutine to fit 
the 6th order polynomial with the least squares error to these 
points and printed out the polynomial coefficients. The programme 
also plotted each set of data points and the computer polynomial to
provide a visual check. The coefficients of the various poly-
are given 
nomials^in Table I.
Oscilloscope Traces
In addition to providing traces of microwave reflection and 
transmission versus time, the bright spots on the trace gave the
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time to take 57 frames on the high speed films and the breakthrough
from the capacitor discharges indicated the times at which the
flash and the wire explosion were initiated. These timesa together
with the time at which the minimum of microwave reflection occured5
twenty
are given in Tables II and III for all the aaasefceoauexplosions con­
sidered s together with other relevant information on the explosions.
Crystal Sensitivities
A series of (superimposed) traces of crystal output with 
various amounts of microwave attenuation were taken to provide 
calibration of the microwave crystals used to measure reflection 
and transmission.
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CHAPTER V 
DISCUSSION OF RESULTS
5.1 Platinum Wires
Only a limited number of experiments with 50 S.W.G. platinum 
wires were carried out as the initial tests showed that even with 
14 cm. wires the current pause was short and restrike occurred after 
a few microseconds, whilst the pause for copper wires of the same 
diameter and length was much longer. However, the reason for this 
difference is of some interest.
It was notdd that for explosions of 50 S.W.G. platinum wires 
passing through the wave guide, traces of current and voltage were 
consistent and indicated that the capacitor voltage fell at explosion, 
was steady during the pause and fell to zero with a pulse of current 
of about 1 kA at restrike. For copper wires of the same diameter, 
the traces were similar except that the current pulse on restrike was 
apparently of the opposite polarity, although this was inconsistent 
with the polarity of the residual voltage.
It was concluded that in the case of copper wires the current 
at restrike must flow from the high voltage terminal of the capacitor, 
along the wire and jump to the wave guide, flowing to the other 
capacitor terminal via the outer sheath of the signal leads and giving 
the erroneous current trace; • but for platinum the restrike follows
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the wire through the guide. This was confirmed from the initial 
pictures taken with the high speed camera, which show that for the 
platinum wires the restrike appears through the wire in the guide as 
an intense, fine filament along the axis which spreads out to fill 
the vapour column. For copper wires, however, in all cases but one 
the discharge at restrike does not pass through the wire in the guide, 
although after restrike a jet of incandescent gas appears in the 
guide through the hole in the insulating bush, indicating a discharge 
from the high voltage terminal of the capacitor to the wave guide. 
(This can be seen in Fig. 21.) In the one exceptional case, the 
restrike appears passing through the guide in the form of a helical 
discharge along the surface of the wire and the current trace shows 
a pulse of current of the correct polarity on restrike.
This indicates that in the case of platinum the explosion
vapourises the wire, and the explosion products expand outwards
leaving a reduced pressure along the axis, the restrike forming here;
whilst for copper wires the pressure is higher inside the wire and
the restrike forms along the surface. These two forms of restrike
(5 6)have been noted previously by various investigators *
Another result of this difference was that sleeving placed around 
the portion of the wire outside the guide considerably increased the 
pause time for copper wires, but not for platinum.
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5.2 .Copper Wires
In this section only the general form of those explosions on 
which detailed measurements were made is considered. The mechanisms 
governing the explosions are considered in the following sections.
5.2.1 Form of Explosion with 50 S.W.G. Wires
The major part of the experimental work was carried out on 
50 S.W.G. (0.0025 cm. diam) copper wires 14- cms long and it was 
found that these exploded rather than fused at initial capacitor 
voltages of more than 6  kV. Figure 15 is a plot of initial vs. 
final capacitor voltages, and it can be seen that at the lowest 
initial voltages the capacitor is almost completely discharged.
Figure 16 is a plot of energy delivered to the wire by the first 
current pulse vs. initial capacitor voltage, and this shows inter­
esting trends which correlate with the Ugh speed photographs. The 
explosions are considered here roughly classified into three energy 
ranges for convenience of discussion.
I. Energies of less than 2.5 J/mg
For 50 S.W.G. wires at initial voltages of less than 
5 kV, the whole of the capacitor energy is dissipated 
in the wire before it breaks, and the wire does not 
explode but merely fuses into droplets. For voltages 
from 5 kV to 5.9 kV the wire does break before the
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capacitor energy is totally dissipated, the energy 
at break ranging from 1.8 J/mg to 2.4- J/mg, but it 
can be seen from the high speed photographs that 
the wire is not disrupted by the discharge even 
after 4-0 microseconds and only one break is visible 
in the film.
II. Low Energy Explosions
The plateau on the graph in Fig. 16 indicates that 
for 50 S.W.G. wires at initial voltages from about 
6  kV to 16 kV (representing a sevenfold increase in 
stored energy) the energy in the first current pulse 
is nearly constant at 2.7 J/mg. Throughout this 
range the high speed photographs show (Figs. 18, 19, 
2 0 ) that the form of explosion is very similar 
although the time taken to explode decreases as the 
voltage increases.
Immediately after the capacitor is switched across 
the wire, a dark cylindrical cloud (less dense that 
the bulk of the wire material) separates from the 
wire surface and expands outwards. It is the 
diameter of this cylinder which is given in Table I.
At a time varying from 4- microsecs to 0.6 microsecs 
after the time at which the voltage is switched across 
the wire, the first signs of the explosion proper
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appear as various points on the wire become 
luminous and arcs form around them. Further arcs 
appear until (probably at cessation of current) the 
luminosity and arcs fade. The outer cylindrical 
cloud continues to expand outwards with gaps in it 
where the arcs have existed and the dark central 
wire can be seen to have been disrupted.
After such an explosion the wire is deposited in 
the guide as a fine, dark dust of copper and copper 
oxide.
III. Higher Energy Explosions
The energy input at explosion rises rapidly as the 
initial voltage rises above about 17 kV, although up 
to 21.6 kV (the maximum voltage used with 50 S.W.G. 
wires) the only difference in the appearance of the 
explosion in the photographs is that the arcs form 
and fade faster, and that the remaining wire 
material expands out further and breaks up more 
noticeably. At an initial voltage of 21.6 kV, the 
first pulse energy into a 50 S.W.G. wire was 4.9 J/mg.
Microwave Behaviour
The form of the traces of microwave reflection and transmission 
change continuously from the threshold of explosion up to the highest
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initial voltage used. At all voltages the reflection remains
appreciable until the arcs visible in the high speed photographs dis­
appear, a time of about 16 microseconds for an initial voltage of
5.4 kV falling to only 1.5 microseconds for an initial voltage of
17 kV, and then the reflection drops to a very low value. Two such 
traces are shown in Figs. 29 and 30, corresponding to the explosions 
in Figs. 18 and 19 respectively.
5.2.2 Form of Explosion with 48 S.W.G. Wires
Further experiments were carried out on 14 cm lengths of 
48 S.W.G. (0.0041 cm. diam) copper wires, and considerable differences 
emerge.
Firstly, the energies deposited per unit mass of wire are much 
greater than in the case of 50 S.W.G. wires, ranging from 13.41 J/mg 
<Vi = 21.6 kV) to 21.31 J/mg. (Vi = 27 kV.)
Secondly, the appearance of the explosions in the high speed 
photographs is markedly different. In all cases the explosion is 
very rapid and there is no sign of any formation of arcs around the 
wire. On explosion, an outer cylinder (apparently fairly transparent) 
spreads rapidly outwards from the wire, whilst the main bulk of the 
wire material expands out rather more slowly. For the two lower 
values of initial voltage used (21.6 kV, 23.4 kV) the wire material 
is apparently not fully vapourised and after explosion a cloud of
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fine droplets remains (Fig. 22), whilst at the higher voltages 
(25.2 kV, 27 kV) the wire appears completely vapourised and the dark,' 
inner cylinder of material expands outwards with no trace of 
unvapourised material visible (Fig. 23). In the latter cases 
particularly, the wire explodes extremely uniformly.
Microwave Traces
The appearance of the microwave traces is not dissimilar to that 
obtained with the finer wires; the reflection rises abruptly on 
explosion, varies slightly, and then falls to a minimum at time t^ 
ranging from 5 microseconds at 27 kV to 50 microseconds at 21.6 kV.
At the higher voltages the trace is smooth except for some interesting 
discontinuities in both reflection and transmission, occurring just 
before the point where the reflection disappears, whilst at the lowest 
voltage there are small discontinuities along most of the trace between 
explosion and disappearance of reflection.
Although the general form of the microwave traces appears super­
ficially similar to those obtained with 50 S.W.G. wires, it appears 
that completely different reflection and explosion mechanisms are 
involved, and it is because of this basic difference that the explo­
sions at low energies with 50 S.W.G. wires are discussed in the next 
section whilst those at higher energies with 48 S.W.G. wires are dis­
cussed separately in section 5.4.
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LAYOUT OF HIGH SPEED PICTURES
The frames of the film are arranged in a zig-zag fashion, 
consecutively. The sequence is from top to bottom of each print, 
and the prints are in sequence on the page from left to right 
(viewed from the open edge of the page).
Each frame is circular (corresponding in size to the aperture of 
the camera) and within the circle are visible the top, bottom and 
(on the left) one side of the guide. The wave guide side on the 
right is just outside the field of view of the camera. The wire 
is visible in the initial frames as a fine line running vertically 
up the centre of the frame. The apparent continuation of the 
wire beyond the top and bottom of the guide is in fact due to 
reflections in the highly polished guide faces (this can be seen 
clearly in Figures 19, 20, 21).
The flash builds up over the first few frames and the capacitor is 
switched across the wire at the point indicated by the arrow and 
'X*. Thereafter, the times after explosion of some of the 
frames (in microseconds) are shown at the right of the prints.
Due to the prints being enlarged less than was intended there is 
some overlap, and the last two frames on each print appear as the 
first two frames on the next.
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5.3 Mechanism of Explosion at Lower Energies (50 S.W.G. Wires)
This section and the next contain detailed analysis of the 
results.
5.3.1 Threshold Energy of Explosion
(7)Abramova et al. have measured the threshold energy at which 
fusion changed to explosion for 0.05 cm. diameter copper wires 7 cms 
long. They found that explosion occurred at energy inputs of more 
than 200 Joules, i.e. ~ 1.6 J/mg of wire.
In the experiments performed here on 0.0025 cm diameter copper 
wires 14 cms long, the threshold energy at which a break in the wire 
first occurred was 1 . 8  J/mg (although the high speed pictures show 
that an energy of at least 2.5 J/mg was required to fully disrupt 
the wire), and this value agrees closely with that obtained by Abramova 
in view of the difference in experimental parameters.
This energy of 1.8 J/mg at which a break is first observed, com­
pares with the 1.31 J/mg required to raise the wire from room temper­
ature to its boiling point at atmospheric pressure (2573 K) and the 
further 4.8 J/mg required to evaporate it fully. (The data on the 
thermal and electrical properties of copper is taken from refs. 8  
and 9 .)
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5.3.2 Possible Explosion Mechanisms
The following two points are well established in considering 
wire explosions
(1) At low enough energy inputs the wire melts and 
breaks up comparatively slowly into drops under 
the action of surface tension forces, the times 
involved being of the order of milliseconds.
(2) Above some well defined threshold of energy the
process changes in character and the wire explodes
in microseconds. It has been noted by various 
(10 11)experimenters 5 that the process is often 
accompanied by the appearance of periodic striations 
perpendicular to the wire axis, and as explained 
in the preceding section it appears that the abrupt 
transition from fusion to explosion occurs at an 
energy input of the order of that required to heat 
to the boiling point.
It has been suggested that explosion occurs due to either rapid
(12 )evaporation in conjunction with a shock wave traversing the wire , 
or the temperature passing the critical temperature at which point 
the wire becomes gaseous and expands rapidly, throttling the current.
The former suggestion seems unlikely as Chase and Levine have 
(13)shown that the time for explosion to occur is independent of the
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geometry of the wire (they used round, oval, and multiple strand 
wires of the same cross-sectional area).
The latter is quite possible at high energy inputs, but in the 
first part of the experimental work discussed here (on 50 S.W.G. 
wires) is clearly impossible since the input energy is insufficient.
So far the attempts to explain explosion appear to assume that 
the energy is initially deposited more or less uniformly along the 
wire. In fact, it appears from the high speed photographs (Figs.
17-20), that local heating occurs at separate points along the wire
/
sufficient to cause incandescence at these points and arcs form around 
them. Therefore, it seems reasonable to consider if any mechanism 
exists by which parts of the wire may be raised to temperatures which 
are apparently sufficient to vapourise the material and cause a break 
whilst other parts remain cooler. One such mechanism which appears 
not to have been recognised so far is the effect of slight variations 
in the effective cross-section of the wire (e.g. due to variations in 
diameter, oxide inclusions in the wire material, etc.).
Such variations between sections of tie wire lead to a remarkable 
disparity in their temperatures. The reason for this is that if a 
portion of wire has a reduction in cross-section, this results in an 
increase in the rate of energy dissipation in that portion (due to 
its increased resistance), whilst the thermal capacity is reduced. 
These effects combine to raise the temperature of this portion more
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rapidly than that of the adjacent portions and such a differential 
temperature rise causes a corresponding difference in resistivities, 
increasing the dissipation in the narrow portion even more. It 
will be shown that for copper this effect is sufficiently marked for 
a 10% reduction in diameter of one section of a copper wire to cause 
it to reach an estimated temperature equal to the critical temper-
(lq)
ature (estimated to be 9030 K ) whilst the rest of the wire has 
reached only 206M- K, between the melting (1356 K) and boiling (2573 K) 
points. (It is assumed here that the wire remains liquid up to 
the critical temperature.) These temperature values depend on the 
physical properties of the material and on the ratio of the cross- 
sectional areas of the two sections, but are independent of actual 
wire diameter or current waveform.
This means that if a wire has slight variations in cross-section, 
the waisted portions will gasify at the critical temperature (if not 
before) causing a break and cessation of current whilst the mean 
temperature is well below critical. As the threshold of explosion 
occurs at an energy input of more than that required to raise the 
mean temperature to the boiling point, the rest of the wire can be 
expected to break up thereafter.
The next section calculates the dependence of temperature on 
the variation in cross-section.
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5.3.3 Effects of Inhomogeneities on the Temperature Profile of a Wire
In the following calculation the current is assumed constant, and 
it is then shown that the results obtained can be generalised to an 
arbitrary current waveform. It is also assumed that heating is rapid 
enough to enable one to neglect heat flow between the sections by 
thermal conduction along the wire.
Consider a length x of wire of nominal cross-section A and actual 
cross-section 0A, heated by a steady current I.
Stage I - Room Temperature to the Melting Point
The energy deposited in a time dt is
... (1)
The temperature rise is then
dT
dE_______  _ 1  ^p x dt
heat capacity 0 A 6 A x d Cps
(2)
(d = density, = specific heat of solid copper).
The resistivity of copper is roughly linear in the relevant
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range and so the resistivity is written as
p = p (1 + ot(T - 300)) ... (3)o
where
p = 1.70 x 10“ 8  a = 4.30 x 10~ 3 /<"'
o
This gives
dT I2  po dt
1 + a(T - 300) - q 2  a 2  d Cps (4)
Integrating between the appropriate limits this gives the 
time to the start of melting, tms
t = •— — Ei log{ 1  + a(T - 300)}me  ^ rv n ° Jms l2 a PQ mp
... (5)
Stage II - Time to Melt
During melting the wire is part liquid, part solid, and the 
resistivities of the two phases differ by a factor of two. 
The resultant resistance of the wire section depends on the 
geometry of the melting (i.e. whether the wire melts from 
the outside inwards, progressively along the axis, etc.) 
but the difference between the various possibilities is 
numerically small, and so an ’effective5 resistivity
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p = ps + eT (p£ * ps}fus
is used where p s p are the resistivities in the solid and
S x,
liquid states respectively and E, are the actual energy
deposited at the melting point and the energy required to 
fully fuse the wire. This gives a linear increase in res­
istivity during melt (physically this could be produced by 
melting proceeding along the axis). This gives
dE = i2r dt = i2{P + — -  (p£ - ps)} ef d*
fus
i.e.
dE I2  x dt, E ( . 0A
ps E £ “ Ps}fus
and integrating from the start of the melt (E =0) to the
end of the melt (E - E- = 0 A x d L)fus
melt time = t _ - t = ^  d  --- logf— ^
mf ms X2 P£ - Ps Blps
. . .  (6)
where L is the latent heat of fusion.
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Stage III - Above the Melting Point
Considerable difficulties arise at this point as the prop­
erties of liquid copper are not known above 1800 K. In 
view of the likelihood of superheating the properties are 
required up to the critical temperature (9030 K) and these 
are not known at present. However9 for the purposes of 
obtaining an estimate of the temperature differential along 
a wire of varying cross-section3 the known values can be 
extrapolated and this gives an indication of the general 
form of behaviour of the temperature profile. (N.B. The 
value of C 9 the specific heat of liquid copper3 can beJv
roughly checked by comparing the energy required to raise 
the temperature of liquid copper to the critical temperature 
(using this value) and then expand it isothermally to one 
atmospherea with that required to totally evaporate the 
copper at its boiling point at one atmosphere and then 
heating the gas (assumed ideal) to 9000 K at constant pressure. 
The answersdiffer by ^ 16% suggesting that the value used 
is of the right order of magnitude.
As in Stage I the temperature rise is
02  A2  d C£
is assumed constant and p is represented by the equation
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p = pQ(l + 3 T) ... (7)
where
p = 1.07 x 10 7  ohm mo ,
and
= 0.733 x 10’ 3 K 1
Thus
dT I dt
po(l + 3T) ’ 02 A2 d
(8)
and integrating from the finish of melting to the values 
t ST
^  ^ . e2  A2  d C£ / 1 + T T
mf t 2  P 6  g *1 + 8 T *I ^ o  mp
... (9)
Hence for given QaA and I one can calculate the temperature 
at any given time (or vice versa).
Generalisation to Arbitrary Current Waveform
Consider two sections of wire whose resistances/unit mass at 
some instant are Rj3 R2  carrying the same current I(t). The 
instantaneous rates of deposition of energy per unit mass are
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dEi = R I2dt i
dE
2 = R I2
dt 2
and hence
dE R
 1 _ _ 1
dE “ R 
2 2
(10)
i.e. although the rate of deposition of energy in either section is
Ricurrent dependent, the relative rate of deposition is —  which is
K
2
not a function of the instantaneous current. R , R are, in fact,
1 2
functions of the total energy deposited per unit mass up to that 
instant, as is the temperature, and so
dEx f(E1)
dE~ " f(E ) “ * ^11')
2  2
implying that for a given E^  (and hence T^), the value of E^ (and 
hence T^) can be calculated if the form of f(E) (dependent on wire 
material and diameter) is known, irrespective of the current waveform.
In practice, R = f(E) is a somewhat complicated function with 
two discontinuities of slope; but the method used in the previous 
section where I is taken as constant provides values of E , for 
any E2, T2  quite simply and these hold for any current waveform.
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The validity of this generalisation is confirmed by the computer 
programme discussed in the next section.
The significance of these results is illustrated in Figs. 24 
and 25, which use values of temperature calculated from the formulae 
derived above. The first of these is a plot of temperature versus 
an arbitrary time scale for a series of copper wires of cross-section 
0A carrying the same current, with various values of 0.
The second is a plot of the temperature,T , of a section of 
copper wire, cross-section A, when a ’waisted’ portion of the same 
wire, cross-section 0A, has just reached the critical temperature. 
This indicates the sort of temperature difference resulting from a 
difference in cross-section along a wire, and shows that the temp­
erature profile is very sensitive to small variations in diameter.
5.3.4 Current and Voltage Waveforms of the First Pulse
So far, no mention has been made of the behaviour of the voltage 
and current during explosion. These are not easy to calculate as 
the resistance of a 14 cm, 50 S.W.G. copper wire rises from 5 ohms 
at room temperature to 27 ohms at the beginning of the melt and is 
estimated to be about 85 ohms at the boiling point. For a 48 S.W.G. 
wire the corresponding values are 2,11 and 33 ohms respectively.
The value of resistance for critical damping is 16 ohms and so during 
the initial current pulse the circuit is in turn underdamped, 
critically damped and then overdamped.
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In view of the difficulties of obtaining an analytic solution 
to the problem,* it was solved using numerical methods on a computer.
A programme was written which calculated wire temperature and res­
istance, and the circuit voltages and current, using those assumptions 
discussed in the previous section and employing a re-iterative pro­
cedure at 0.2 nanosecond intervals. Further details of the programme 
are given in Appendix IV. The programme included the calculation of 
the temperature and resistance of an (infinitesimally long) portion of 
the wire of cross-section 0 times that of the main wire, and the 
results agree with those produced in 5.3.3 above, i.e. when the 
waisted portion is at 9030 K the temperature of the main wire is 
independent of the (very non-linear) current waveform and original 
wire diameter, and is equal to that calculated by the analytical 
method of the previous section (Fig. 25).
This provides a useful check on the accuracy of the programming, 
and to check the original assumptions and assess the accuracy of the 
calculated parameters, tracings of the actual voltage vs. time curves 
(from oscilloscope photographs) were made for the 50 S.W.G. wires and 
the values of voltage obtained from the programme marked on them.
These show reasonable initial agreement, after which the actual trace 
from the oscilloscope levels out, indicating cessation of current, 
whilst the computed voltage continues to fall as the programme makes 
no allowance for the breaks which occur in the wire. Two such 
curves are shown in Fig. 26, and it can be seen that the actual voltage
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tends to fall rather faster than indicated by the programme, the two 
curves diverging above the boiling point. This is probably due to 
the rather crude linear interpolation of the resistivity and specific 
heat at these temperatures.
From the agreement between the theoretical and calculated values 
of voltage it was concluded that the programme gave a reasonable 
picture of the circuit behaviour, and hence reasonable values of 
current, resistance and temperature. Plots of these are given for 
two values of initial voltage in Fig. 27 and the general behaviour 
is similar in each case; the current initially rises steeply, and 
then falls sharply again after some tens of nanoseconds as the res­
istance rises on melting, whilst the voltage falls comparatively 
slowly. The horizontal (time) scale is contracted after the first 
400 nanoseconds in the first trace to show this more clearly. The
times at which the melt starts and finishes are also marked.
5.3.5 Microwave Measurements
At the lower energies discussed here it is apparent from the 
continued fall of the capacitor voltage that the current flows for a 
considerable time, and it appears that whilst the current is flowing 
the microwave reflection is appreciable, but on cessation of current 
the reflection ceases. This is demonstrated in Fig. 28 which shows 
the time at which the sudden drop in microwave reflection occurs ("t^ ) 
for various initial voltages, and also the times at which the arcs
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disappear on the high speed photographs of the same explosions.
(The latter are more difficult to estimate as the arcs fade over 
several frames and it is not easy to judge when they finally disappear.) 
The two events correlate closely and also coincide with the'time at 
which the capacitor voltage ceases to fall, indicating that all three 
events are almost certainly due to cessation of current.
The cessation of current could be expected to cause the arcs 
to extinguish and stop the fall in the capacitor voltage, but its 
effect on the microwave transmission is of particular interest. As 
the initial resistance of the wire is low the field at the wire sur­
face will be constrained to be small, and this will cause a consid­
erable perturbation of the electric field pattern, giving appreciable 
reflection. As the wire heats up its resistivity rises and the 
reflection can be expected to fall slightly. When the arcs appear, 
they shunt the hottest, and hence most resistive, portions of the 
wire with a dense plasma sheath which will be highly conductive and 
reflecting at microwave frequencies, and is of larger diameter than 
the shunted portions, and so the reflection should increase again. 
Finally, when the breaks become too numerous for the arcs to be sus­
tained and they extinguish, they leave a series of disconnected wire 
sections, which have a low reflection coefficient.
This sequence of events can be seen in Fig. 29 which shows the 
microwave reflection and transmission during the explosion of a wire 
at 6.3 kV (Fig. 18 shows the high speed photographs of the same
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explosion). The trace shows the initial fall in reflection for about 
4j microseconds after explosion as the wire heats; then a rise in 
reflection and fall in transmission, the beginning of which correlates 
with the appearance of arcs in the high speed pictures and which con­
tinues for about five microseconds; and then, as the arcs in the 
picture fade away, the reflection falls to zero and the transmission 
rises to within 2 dB of full pother.
The traces of reflection and transmission for 50 S.W.G. wires 
exploded at other voltages are similar in general form. Fig. 30 
shows those for a wire exploded at 12.6 kV (corresponding to the high 
speed photographs in Fig. 19), and the transmission shows a similar 
form which again correlates with the appearance and disappearance of 
arcs, although the time scale is much shorter.
The fall in microwave reflection gives the most accurate indication 
of the time at which the current ceases to flow, as the fading of the 
arcs in the high speed pictures and the time of levelling-off of the 
voltage/time traces are both difficult to measure accurately.
5.4 Mechanisms of Explosion at Higher Energies (48 S.W.G. wires)
As indicated in section 5.2.2 the explosions occurring at high 
energy inputs were different in form from those at low energies.
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5.4.1 Appearance of the Explosion
The physical appearance of the explosions as recorded by the 
high speed photographs at the four values of initial voltage used 
varies slightly. In all cases the wire is fully destroyed, but at 
the lower energies (V^ = 21.6 kV, 23.4 kV) the wire appears to 
explode into a fine spray or foam of fragments, cylindrical in form, 
surrounded by a fainter cylindrical region (Fig. 22); whilst at 
higher energies (V^ = 25.2 kV, 27 kV) there appear after explosion 
two uniform concentric cylinders which expand outwards more rapidly, 
and no trace of wire fragments can be seen (Fig. 23).
(Thirteen films were taken altogether at the four voltages given 
and, although traces and accurate timing were not obtained for all 
of them and Table III includes results for only one explosion at each 
initial voltage, the films show that the difference in appearance 
between Figs. 22 and 23 are systematic and reproducible, not merely 
random variations between successive shots.)
5.4.2 Current Voltage Waveforms
In this case, the programme used for the calculation of current 
and voltage in section 5.3.4 indicates that even a uniform wire should 
attain the critical temperature there within a microsecond; and when 
current ceases it should leave an appreciable voltage on the capacitor 
(for those wires for which data is given, the programme calculates 
that there should only be a drop of about 3 kV from the initial 
voltage in all cases).
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In fact, it appears from the available oscilloscope traces of 
current vs. time that the current pulse is larger and lasts slightly 
longer than predicted, and the capacitor voltage falls to a very 
much lower value (Table III).
5,4.3 Microwave Measurements
As indicated in section 5.2.2, comparison of the microwave 
traces for the high energy explosions with 48 S.W.G. wires (Figs. 31, 
32) with those of the low energy explosions with 50 S.W.G. wires 
(Figs. 29, 30) at first suggest a similarity, in that the general 
shape and time to the drop in reflection are similar, and this time 
decreases with increasing capacitor voltage (and input power).
However, further consideration shows that the mechanisms cannot be 
the same for the two cases.
At low energies the computed behaviour indicates a comparatively 
slow explosion at low voltages (at 6.3 kV the first current pulse 
lasts 9 microSecs) speeding up as the initial voltage is raised. The 
voltage traces and high-speed photographs correlate with the fine 
detail of the microwave trace to confirm that the fall in microwave 
reflection corresponds to the cessation of the first current pulse 
and the resultant disappearance of the arcs (Fig. 28).
In the case of the high energy explosions the computer circuit 
behaviour indicates that the explosion and cessation of current should
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occur within about half a microsecond in all cases, and this is con­
firmed by the available voltage and current traces. However, the 
drop in reflection occurs well after explosion (5-50 microseconds) by 
which time the wire appears to be fully broken up and considerably 
dispersed, and the high speed photographs show no arcs and no 
physical change in the wire at this time. Hence the change in ref­
lection cannot be produced by the actual disruption of the wire.
It seems, as indicated by the computer programme, the available 
current and voltage traces and by the disruption of the wire evident 
in the high speed photographs, that the explosion is over and the 
current ceases within the first microsecond; but for some reason 
the microwave reflection continues for a further period of the order 
of tens of microseconds. The explanation for this is almost certainly 
to be found in the much greater energy of these explosions, and the 
resultant considerable ionisation after explosion. In the case of the 
low energy explosions previously discussed the energy deposited was 
in most cases between 2 and 3 J/mg, with a maximum of 4.9 J/mg, which 
is still appreciably less than the energy required for complete 
vapourisation of the copper (6.1 J/mg). For the high energy explo­
sions however the energy ranges from 13 to 20 J/mg which is much 
greater than this, and thus in the latter case either the wire must 
be fully evaporated and rise to a temperature considerably higher than 
its boiling point, or the air around the copper must absorb a con­
siderable part of the energy; and in either case high temperatures
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and considerable ionisation will result. After the first current 
pulse, no further energy is fed into the system from the outside, so 
that the very rapid loss of heat from the system by radiation will 
produce a rapid drop in temperature and hence ionisation. This 
change from a large to a small value of ionisation could therefore 
explain the change from a large reflection to a small one.
Important Features of the Explosion
The main features which require explanation are that -
(1 ) the explosion is very uniform, although the mech­
anisms of explosion at lower energies lead to 
temperature instabilities and considerable non­
uniformity ;
(2 ) an increase in input energy decreases t , although
f
a greater energy input might be expected to result 
in the plasma taking a longer time to cool to the 
stage at which the microwave properties undergo 
the marked change; and
(3) the microwave reflection falls very abruptly to a 
negligible amount, accompanied by a corresponding 
increase in transmission, without any visible 
change in the plasma.
Firstly, the extreme uniformity of the explosions at the highest 
energies is of interest in view of the considerable non-uniformity
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shown in the previous explosions considered. It is suggested that 
this uniformity, together with the larger, longer-lasting current 
pulse, is due to the higher currents carried by the 48 S.W.G. wires 
storing sufficient energy in the inductance of the circuit to pro­
gressively break down the air along the whole length of the wire, 
rather than at just a few places. This breakdown reverses the 
processes described earlier in that once breakdown occurs around a 
particular high-resistance section of the wire, the resistance of 
this section falls and the heating effect of the current is corres­
pondingly reduced. In fact, as the degree of ionisation of the air 
and copper vapour through which the current flows will increase with 
temperature, the arcs will have a negative temperature coefficient 
of resistance. This will lead to the reverse of the situation at 
low energies, with the cooler parts being heated more than the hotter, 
and could be expected to produce a marked levelling-out of the temp­
erature profile. This even temperature distribution would produce 
a uniform explosion, whilst the comparatively low resistance of the 
arc allows the almost complete discharge of the capacitor.
The variations in the time of the drop in reflection are 
explicable if one takes into account the considerable amount of 
energy lost as radiation. Computation has shown that although more 
energy is deposited in the wire at higher initial voltages, leading 
to a greater initial temperature, the more rapid expansion in these 
explosions gives a more rapid increase in surface area and hence the
rate of cooling increases more rapidly. The losses by radiation and 
the resultant temperature are estimated in section 5.4.6, and the dif­
ferent rates of cooling are illustrated by the plots of computed temp-
three
erature versus time for the values of initial voltage used in
the experimental work, given in Figure 34.
The cause of the sudden fall in microwave reflection at t i s  not 
certain, neither is the reason for the discontinuities prior to the 
fall. In order to discuss the possible reasons for the microwave 
behaviour it is necessary to assess the propagation characteristics of 
the plasma, which in turn require a knowledge of the state of the 
plasma (i.e. temperature, conductivity, etc.). The next section 
assesses the propagation characteristics of a plane T.E.M. wave in a 
plasma in terms of the complex permittivity and discusses the effects 
of a cylindrical post of such a plasma in the wave guide on the prop­
agation. Section 5.4.6 then makes an estimate of the actual values 
of permittivity during explosion, and hence attempts to assess the 
theoretical reflection characteristics. These are then compared 
with the measured values.
5.4.5 Plasma Propagation Characteristics
We start with Maxwell1s equations for the plasma
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The plasma neutrality gives div .0 = 0, but the presence of free* 
charged particles gives rise tc a current J_ = cE^  in the plasma*
From these equations one can easily derive the propagation equation
V2  E - E u —  - u a || = 0 (12)-  o o a t 2  o 3 t
and the solution of this will be of the general form
E = E eja)t eyr (13)— — o
where
Y 2  = - e y w 2  + i m p  a (14)' o o J o
Conductivity
The conductivity at microwave frequencies is due almost entirely 
to the electrons and is expressable in terms of the mean value of the 
modulus of the velocity, v?, (i.e. the true mean velocity, not the 
mean value of the modulus of the velocity. It represents the nett 
drift of electrons in any direction, and hence for an unperturbed 
Maxwellian distx'ibution is zero).
J = uE = N e v' (15)—  e
To find the value of v', we consider the relevant forces acting 
on the electrons. These are, firstly the electric field which pro­
duces a force of e.E accelerating the electrons in the direction of the
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field, and secondly the collisions with neutral atoms and ions which 
randomises the momentum of the electrons, thus effectively removing 
the mean drift of the electrons in the direction of the field. The 
effect of this scattering of the ordered momentum can be represented 
by a retarding force equal to the rate of loss of ordered momentum; 
this is of magnitude mv’v, where v is the effective collision fre­
quency and equal to the reciprocal of the time taken for an electron 
to have its direction of travel randomised by collision.
Using this concept, the equation of motion for an electron is
e E - m v’v (16)
If the applied field varies as e^wt, the electrons are assumed
to have a velocity of the form
v v eo
and inserting this in equation (16) and rearranging
(17)
Hence from equation (15)
a
N e2  e v - jm (18)
and using this in equation (14)
where
N e2
2 eon = -----
p meo
Finally, we express y in terms of the effective complex relative 
permittivity for the plasma, e* - jen. This enables us to write
Y 2 = - y e  (eT - je") oj2 (20)o o
where
U)2
e* = i -  E  (2 1 )
v2  + 0 ) 2
(22)
Propagation Characteristics
Having expressed y in terms of e!, e" we consider the resulting 
propagation characteristics in terms of these parameters. The value 
of e" should always be positive, as a negative value would imply 
negative attenuation and a growing wave which is unlikely. However, 
as this is a plasma e1 may be positive or negative. We consider the 
three cases:
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1 . e" »  e 1
In this case from equation (2 0 ) we have
y2 =* j y e e" to2
' o o
and putting y = a+j3  we get
a - 3 -
y e  e'o o . ai = (23)
2tt
where 3  = y ~ and is the propagation constant in free
o
space. This is the form of propagation one encounters 
in a good conductor, and the disturbance is limited to a 
penetration of the order of the skin depth
6 =
2 tt (24)
(a) e" »  2. As A^ - 3 cms. for the present case,
6  - f 1 and hence for en »  2 , 6  is sm&ll and
V 2e"
the plasma appears similar in effect to a metal 
post. Most of the power is reflected at the sur­
face, and the small amount passing into the 
conductor is absorbed in a very short distance.
(b) e,T = 2. Here the wavelength in the plasma is 
equal to that in free space and the amplitude 
attenuation is i over a length of about i cm.
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(c) e" «  2. In this case the wavelength in the plasma 
is much greater than that in free space and the 
attenuation negligible over lengths of the order of 
the plasma dimensions. As- we also have |e'| «|e"|, 
e* - 0 .
2. |e"| < |e*|. In this case equation (20) becomes
Y2 - - y £ e1 a)' o o
(a) e» > 0  
Putting y r a+j$
a - 0 , $ - |^/e' (25)
o
and the solution represents a wave travelling in a 
medium of dielectric constant e? with negligible
attenuation. In the case of e' > 1, this is
similar to a normal dielectric and the wavelength 
in the plasma is less than the free-space wave­
length. For eT < 1 propagation still occurs, but
A > X .
P o
(b) e’ < 0. (This corresponds to the condition
0)2 > V2 + 032 .)
P
In this case /e1 = we have
a = r L / lE 'l > 6 = 0 (26)
o
so that the wave ceases to be propagating and non- 
attenuating and becomes attenuating and non­
propagating, i.e. it is evanescent.
For e’ = -1, a = 2 cm 1 and the distance over which 
the amplitude attenuates by a factor is - \ cm.
For e 5 «  - 1 the penetration is very small and the 
post appears highly reflecting.
I £Sf
For
e” = £* , y2 = - y e  e*’ w2(l - j)
' o o J
i.e. y = /(y e e") (o(0.9 + 0.4- j)o o J
a ~ 2 0  - e”
o
For e!i = - e? , (e* < 0)
y2 - y e  e" u)2(l + j)' G O  J
and hence
2 a - 3  - e"
o
Hence for |en| - |e’| the wave is propagating and 
attenuating, and for e” »  1  the attenuation is still 
very rapid.
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The properties of the plasma are indicated in Figure 33, which 
shows the various possibilities schematically.
Reflection in the Guide
The wave impedance of the plasma, Z^, is given by
Z = fcY
P UJ
1
2 l ]
£
I
s’ - je"V. -J J
(27)
The reflection coefficient for a plane T.E.M. wave in vacuo 
incident normally on such a medium is
Z - Z
p = - g V z 2  (28)
O P
The reflection coefficient for a cylindrical post of plasma in a 
rectangular wave guide is difficult to calculate analytically.
Reference 21ft gives expressions for the reflection from a dielectric 
post, but although these are valid for complex values of epailon there 
is no indication as to whether or not they are valid for e! < 0 , which 
appears to be the case for most of the time under consideration here.
However, one can assess the general properties of such an object in 
qualitative terms • As the post is at the position of maximum electric 
field and parallel to it, it will have a marked effect on the guide prop­
agation. For large values of e", |e'|, or both the plasma is highly 
reflecting and should cause appreciable overall reflection. For small 
e" and e 1 - - 1 , or small e’ and e” * 1 , the attenuation length is of
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the same order as the plasma dimensions, but the impedance of the plasma 
is markedly different from that of the air filling the rest of the guide 
and appreciable reflection at the surface will occur. The reflection 
will in fact only disappear completely when the impedance of the plasma 
is that of the surrounding medium, i.e. for e’ = 1  and en = 0 , and will 
be small anywhere in the region of this point.
5.4.6 Actual Values of Permittivity
The calculation of the actual values of the complex permittivity
obtained in the experiments performed presents a number of problems. A
considerable amount of work has been carried out on this, but with
limited success due to the complexity of the explosion processes and
the limited data available. The lack of data arises from the fact that
when the original experimental work was performed, it was assumed that
the similarity in microwave behaviour between explosions with 50 S.W.G.
wires and 48 S.W.G. wires indicated that similar processes occurred in
s ix
both cases. Therefore, after taking the sixteen sets of results with 
50 S.W.G. wires at initial voltages ranging from the threshold for 
explosions up to 2 1 . 6  kv (at which voltage t^ is very short) no further 
results were taken for 48 S.W.G. wires, and the only complete sets of 
results available are the four given in Table III, intended originally 
as a further check on the results of the theoretical work on the finer 
wires.
The complexity of the problem and the large number of factors tc be 
taken into account meant that a complete analytic solution was not poss­
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ible. In fact, a number of steps in the calculation of the plasma 
properties required solution by numerical methods, and the results 
produced have been obtained by means of a computer programme. The 
physical and mathematical basis of the programme is discussed here., 
and further details of the programming methods are included in Appendix IV,
Plasma Temperature
The first step is the calculation of the plasma temperature. The 
is calculated
energy lost by the capacitor^from the initial and final capacitor volt­
ages, and from this is subtracted the energy required to raise the wire 
to its boiling point at one atmosphere and totally evaporate it. The 
rest of the energy, AE, is then assumed to increase the internal energy 
of the copper vapour, raising its temperature an amount AT above the 
boiling point given by
AE = ^ N k AT + Y N . e V! (29)
2  t " ei ll
Nj. is the total population of all types of particle (i.e. electrons, 
ions, and neutral atoms), and the first term represents the trans-
th
lational energy^ V| is the ionisation potential for removing the i
*th
electron, and is the nett number of electrons removed during i 
ionisation, and thus the second term allows for the energy absorbed by 
the ionisation process. For the purpose of the present calculation, 
it appears sufficient only to consider single and double ionisation.
If the fraction of atoms ionised is and a further x2  of these 
are doubly ionised, this gives
The degree of ionisation at a given temperature, T, can be det­
ermined from Saha’s equation (Ref. 15, p.115). This states that the 
equilibrium concentrations in the reversible reaction.
Cu ± Cu+ + e
are given by
log10
N N. e i
N
V ’
- 5040 ^  + | log1() T + 2 1 . 6  (31)
(in M.K.S. units), being the first ionisation potential. Similarly 
for double ionisation
Cu X Cu + e , we have
log
10
N N.„ e i2
N.l
V s
- 5040 —  + | log1Q T + 21.6 (32)
where are the number density and second ionisation potential
respectively for doubly ionised atoms.
Equation (31) can be written as
P e  Nd
J vr v T [  =loge^N N I 
v o a*
- 5040 loge(10) ~  + f  loge T
+ 21.6 log (10) - log (N )e be o
(The change to natural based logarithms is for convenience as these are 
available as a standard function on the comDUter.)
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If we now use the fractional ionisations x , x as defined above,
1 2
the left hand side of this becomes
x2(l - x2)
log —  -----=-&e l-xi
and solving this for x^  we get
x! = M ci + Cl} " c1 }/2(l“x2) (33)
where
V 1
C 1 = exp{- 5040 log(10) ~  f 1°gQ T
+ 21.6 log (10) - log (N )} (34)
°e e o i
Equation (32) can be dealt with similarly to give
x = {/((x + C ) 2  + 4 x C ) - (x + C )}/2x (35)
2 1 2 1 2  1 2 1
where
V 1
C, = exp{- 5040 loge(10) ^  + | loge T
+ log (10) - log (N )} (36)e o *
These expressions are inconvenient as they do not give x1# x2  
independently as functions of temperature, and also the value of temp­
erature is not known - the energy delivered to the plasma is known 
and this is linked to the temperature by equation (29), which requires 
the values of x1 and x2. An analytic solution of the problem could 
not be obtained, and so numerical methods were used (see Appendix IV 
for further details) to determine the initial temperature and ionisa­
tion of the plasma, using these relationships.
Temperature During Cooling
The next step is to follow the temperature as the plasma cools. 
Conduction and convection are comparatively slow processes and assumed 
unimportant in the times dealt with here, but radiation losses become 
very important at the temperatures attained. The plasma is assumed 
to radiate as a black body (although the photographs show the outer 
parts to be slightly transparent and hence the radiative efficiency 
is presumably rather less than 1 0 0 %) and the rate of loss of heat 
from it is given by
II = 0 A T1* (37)
(The effect of the background temperature 'v* 300 K is neglected as 
T > 3000 K at the times of interest and hence the correction is less 
than one part in 1 0 )^.
The value of A, the surface area of the plasma, is calculated 
from its length (14 cms.), and the diameter is obtained from the poly-
nomial whose coefficients are given in Table I (obtained from the 
high-speed photographs).
The time, St, to lose a small amount of energy, SE, is given
by 
. . . (38)
The value of 6 t to lose an amount of energy (SE) equal to 5% of 
the plasma internal energy is computed by means of this formula and 
the internal energy is then reduced by 5 % whilst t is increased by 
St. Finally, the new value of temperature at this time is cal­
culated using the same method as that used to determine the 
initial temperature. In addition, allowance is made during the 
computation for the energy used to drive the shock wave ahead of 
the expanding plasma.
The calculation is written into the programme in the form of a 
loop which continuously follows the fall in temperature until a set 
time (read in as part of the initial data) is reached, at which point 
the programme for that data set terminates.
Computed Permittivity of the Plasma
After each increment in time the programme checks the time lapsed 
since explosion, and every 0.5 microseconds enters a subsidiary section
St * SE
A T4
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of program which computes the properties of the plasma at that time, 
enabling one to follow the changes in complex permittivity with time. 
Certain other quantities of interest are also computed.
In order to calculate the complex permittivity it is first 
necessary to assess the effective collision frequency, v, discussed in 
section 5.4-.5. This is a fairly lengthy derivation, and is per­
formed separately in Appendix V ; the rest of the calculation is fairly 
straightforward. At the time of execution of the subsidiary calcu­
lation the temperature, fractional ionisation and plasma diameter are 
known. The number density of electrons, N 9 can be calculated 
directly and the Debye length, A^, the mean value of electron velocity, 
v, and the plasma frequency, are given by
e k To
N ee e
. . . (39)
V =
8  K T 2
7T me _
• • •
1
N e2~ e
2
m eo _
* • •
The value of v is calculated as indicated in Appendix V and eT 
and e" obtained from equations (21) and (22). The skin depth
is calculated also.
Numerical Results of the Computation
The general trends of the results agree with the observed 
phenomena9 but the quantitative agreement is not very good and in view 
of the limited data available further refinement of the theory is not 
really justifiable. (This is particularly so as the two lower 
energy explosions show a rather non-uniform structure, and the theory 
can thus really only be applied to the two explosions at voltages 
over 25 kV.) On the next page, Figure 34 shows plots of computed 
temperature, skin depth and complex dielectric constant for the three 
highest initial voltages used in the experiments with 48 S.W.G. wires.
The temperature plots show that although the higher initial 
energies lead to higher initial temperatures, the temperature falls in 
every case to around 15,000 K by the end of the first microsecond, due 
to the enormous increase in heat loss by radiation at temperatures 
above this. After this time, as the rate of fall of temperature 
depends on the surface area of the plasma, the faster expanding 
explosions cool more rapidly, leading to a situation in which the more 
energetic the explosion, the cooler the plasma after the first micro­
second or so.
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The effect of this on the computed plasma characteristics can be 
seen by reference to the plots of the real and imaginary parts of the 
relative permittivity. In the three cases' shown the imaginary part 
of the permittivity is initially high, falling slowly, and this 
dominates the characteristics of the plasma, giving in effect a highly 
conducting post. At a time corresponding to a plasma temperature of 
"3,200 K in all cases the value of e" falls below unity, the skin 
depth becomes greater than the plasma dimensions, and the plasma 
ceases to be highly reflecting; these changes occurring very rapidly 
in all cases. The real part of the permittivity is initially highly 
negative, falls very quickly to around -14 in all cases and then 
grows more negative again until, at the time at which e" falls below 
unity, it very rapidly approaches unity.
After this time e 1 remains at very nearly one, and e" becomes 
very small, giving an almost transparent and non-reflecting object.
These characteristics follow those of the experiments qualitatively, 
in that the plasma is shown to be initially appreciably reflecting 
and then to change rapidly to a low-reflection, low-loss object at a 
time which increases with decreasing initial voltage. However, the 
time scale is not correct, the computed value of t^ being about three 
times too large, and the reason for this is not certain. (In making 
these computations, the plasma expansion with time had to be 
extrapolated as the films of the explosion only extend until shortly 
after t^ in most cases.)
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One known source of error is the neglecting of the energy absorbed 
in electronic excitation when calculating the temperature rise using 
equation 29. The energy required to excite an atom to a higher level 
will be less than the ionisation energy, but the energy of excitation 
has an appreciable effect at the higher temperatures encountered. 
However, the computation of the excitation energy requires the 
degeneracies and excitation potentials for the electron states of 
neutral, singly ionised and doubly ionised copper vapour, and these 
were not available. The effect of allowing for the excitation energy 
is to increase the effective specific heat at temperatures above that 
at which excitation becomes appreciable (T  ^10,000) and this will 
lower the temperature slightly, particularly towards the beginning of 
the explosion, which in turn could be expected to reduce the rate of 
loss of energy in the initial stages and hence increase the computed 
values of t^ .. As these values are already too large, this cannot be 
the main source of error.
A further source of error is in the loss of some of the initial 
energy at explosion due to losses elsewhere in the circuit (particularly 
the spark gap), losses by electromagnetic radiation from the circuit, 
and particularly due to the energy dissipated in the air around the 
wire due to the formation of arcs as the current is choked off. To 
gain some idea of the effects of energy loss during explosion, the 
programme was run with the initial energy in each case reduced to an 
(arbitrary) value of two thirds of the actual energy. The results
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differ very little, as much of the energy is lost in the first micro­
second and the temperature at the end of this time falls to 'x* 15,000 K, 
regardless of the initial value.
The most likely reason for the underestimation of the energy
loss would seem to be that the loss of energy by transport phenomena
is ignored. The implicit assumption is made that, as the plasma
cylinder expands outwards, the surface of the cylinder represents a
limiting surface which contains the plasma totally. In the case of
magnetic confinement such an assumption may be justifiable, as
particles leaving the plasma and encountering the containing field
are returned without loss of energy (unless the field is strong and
the velocity high), but in the present case, this is not so.
Particles from the plasma may penetrate into the surrounding air,
carrying away appreciable energy with them, and spread the energy of
( 1 fi ^
the plasma through the surrounding air. Jones has measured 
appreciable ionisation diffusing out ahead of the shock wave from an 
exploding wire, which could well be caused by such a mechanism. 
Calculations have been made as to the effects of this, but there are 
too many unknowns and at present no meaningful results have been 
obtained. However, this could provide an effective loss mechanism 
which would lower the temperature and shorten the calculated values 
of t_p considerably.
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Origin of the Discontinuities in the Trace
The reason for the discontinuities occurring just before is 
not certain. One possibility is that they are similar to Dattner
(17)
resonances. Multiple Dattner resonances have been observed
(although this was for a plasma parallel to the transverse magnetic
field of the. incident wave, not the electric field) and the frequency
of such a resonance would be close to that of the plasma frequency.
"tilHowever, the value of co^ for the N resonance is given (Ref. 18, 
p.2*4-1) by
u2 i 
= { i  El
2N+1  ^ 0)2 i
which would give the higher order resonances for progressively lower 
top values, i.e. in the present case they would occur after the main 
resonance not before it.
A second possibility is that the plasma column exhibits some other- 
form of resonance, such as a longitudinal resonance of electron- 
acoustic (or ion-acoustic) waves. These have a longitudinal elec­
tric field, and hence could couple efficiently to the signal; 
however, the wavelength of these would be much less than the plasma 
dimensions, as they travel relatively slowly, and so this explanation 
appears unlikely.
A further possibility is that the discontinuities are due to an 
inhomogeneous plasma, some parts of which cease to be reflecting before 
others, which could explain the inconsistent appearance of successive 
traces.
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CHAPTER VI 
CONCLUSIONS
6 .1 Explosion Processes
The work performed here appears to give further insight into the 
complex processes occurring when a wire is exploded.
At low energies a major factor in the processes appears to be
the uniformity of the specimen exploded. Perfect uniformity is
unattainable and even slight variations along a specimen can lead to
considerable modification of the explosion, producing the striations
often observed. The effects of cross-sectional variations in a
specimen were dealt with in detail in Chapter V ; similar effects
result from other variations such as inclusions of slag and impurities
left over from the manufacturing process, or the presence of non-
uniform electrical and thermal properties due to the processing (in
particular the wire drawing process which introduces large strains
and high dislocation densities). No quantitative estimate has been
made here for the effects of non-uniformities other than that for
. (19)variations m  cross-section, but Goronkm has shown that there is 
a considerable difference in the appearance of explosions using 
otherwise identical annealed and unannealed copper wire, the annealed 
wires giving much more uniform explosions with fewer striations.
If one ascribes the observed behaviour in the case of the 50 S.W.G. 
wires used here (0.0025 cm, diameter, bare copper, unannealed, supplied
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by L.E.W.Co.S.) to such cross-sectional variations, calculation 
shows that the wire should have a maximum reduction in cross-section 
of ~1 2 %, and that an appreciable fraction of the wire should have a 
cross-section of -7% less than the mean. This corresponds to radial 
variations of 6 % and 3\% respectively, which are not unlikely in view 
of the fineness of the wire and its susceptibility to mechanical 
damage.
At higher energy inputs it is suggested that the uneven temp­
erature profile which exists at the onset of explosion is sub­
sequently evened out as further energy is deposited, due to the 
formation of arcs around the hottest and most resistive parts of 
the wire. Arcs have a high conductivity, and the higher the temp­
erature the higher the ionisation and hence conductivity, leading 
to the reverse of the situation encountered in section 5.3.3 and a 
much more uniform final distribution of the energy deposited.
In the experiments described here using 48 S.W.G. wires the 
circuit constants were such that, after the initial current pulse and 
dissipation of the inductively stored energy at the end of it, the 
voltage remaining on the capacitor was low. The resultant residual 
field of -100 V/cm was insufficient to sustain an arc and no 
restrike occurred even after the material had expanded out to its 
maximum. (It is stressed that the arcs which occur at the termination 
of the first current pulse are produced by the cutting-off of the 
current and the resultant dissipation of the inductively stored energy
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in the circuit; they are quite separate from the restrike, which may 
occur after the current pause if the explosion products expand suf­
ficiently for the steady residual field after explosion to cause a 
discharge through them.)
The effect of cross-sectional variations is illustrated in 
Figure 35 which shows the temperature profile of a copper wire with 
varying cross-section at various stages during heating. The vertical 
scale indicates the wire temperature and the horizontal scale 
indicates distance along the wire, the diameter of which varies from 
its nominal (arbitrary) value at the origin ( 0  = 1 ) down to a minimum 
of 90% of this (0 = 0.8) two thirds of the way along and back to 
the nominal diameter at the end. Underneath the graph is a sketch 
showing the variations in wire diameter to scale, to emphasize the 
small degree of waisting required to produce large temperature 
variations.
A number of curves are shown, indicating the temperature profile 
for different energy inputs.
(1) Curve 1 shows the temperature profile before the 
current is switched on, a straight line indicating 
a uniform temperature of 300 K, nominal room 
temperature.
(2) Curve 2 indicates the comparatively slight varia­
tions in temperature up to the melting point. If
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the current is cut at this stage the wire will 
remain substantially unaltered.
(3) Curve 3 indicates the temperature variations when 
the last of the wire has just melted. The 
narrowest portion of the wire has not yet reached 
the critical temperature, and if current is cut 
off at this stage, the wire should break up into 
droplets under the action of surface tension 
forces in a time of the order of milliseconds.
(4-) This curve shows the profile of a wire heated to 
the threshold of explosion discussed in section 
5.3.1. At this point the narrowest portion is 
just above the critical temperature, and is thus 
gaseous and will cause a mechanical and elec­
trical break here in a very short time even if the 
current is stopped at this time. (If the degree 
of waisting is increased, 0  may be small enough 
for a break to occur at the narrowest point even 
though parts of the wire remain unmelted.)
(5) This curve has been drawn with two branches which 
separate above the critical temperature. The 
dotted line indicates the profile if one ignores 
the physical changes which must occur at the critical 
temperature and merely continues to extrapolate the
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properties of liquid copper beyond this. In 
practice the material will turn into a gas at 
any point which rises above the critical temp­
erature, and under the ‘conditions normally 
encountered in the laboratory this will result 
in very rapid expansion of the material, and a 
large, abrupt rise in resistance at that point.
If there is appreciable stored energy in the 
circuit the overvoltage will form an arc around 
the high resistance section and, as the arc 
resistance is likely to be low and will have a 
negative temperature coefficient, the temperature 
at this point will thereafter rise more slowly, 
giving rise to a profile of the general shape 
shown. (The temperature values of the solid 
curve above the critical temperature are not 
calculated and the profile is only intended as 
an indication of the form of behaviour.)
In practice what happens after the narrowest portion of the wire 
reaches the critical temperature will depend entirely on the experi­
mental conditions. If a constant current source were used, the 
sudden rise in resistance at this point as the wire gasifies would 
cause an arc to form around this section, shorting it out. Such a 
system was used by T u c k e r w h o  exploded gold wires by means .of a 
current pulse from a length of coaxial cable charged to kV, the resis­
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tance of the wire as it exploded being always much less than the 
characteristic impedance of the cable. If a constant voltage 
source were used, and if the stored inductive energy of wire and 
circuit were low enough for negligible over-voltage to occur at 
break, the wire would disrupt at the one point and the current cease, 
and the rest of the wire would then break up into droplets due to 
surface tension.
In most practical set-ups the system is more complicated as the 
wire is exploded by discharging a capacitor through it, and this 
generally results in damped S.H.M. in which the actual break may occur 
at any point in the cycle, giving a wide variety of possible condi­
tions at break. Unfortunately, the variation of one parameter in 
such a system usually affects several of the others, making a 
systematic study difficult.
In the experiments performed here on 50 S.W.G. wires, the breaks 
occur on the exponential ’tail’ of the discharge when the current 
is comparatively small (see Figure 27) and after the correspondingly 
small amount of inductive stored energy has been dissipated in form­
ing arcs around the first breaks to appear, further breaks cause 
the current to cut off leaving the capacitor partially charged.
In the case of the 48 S.W.G. wires, the amount of energy 
deposited shows that current flows for an appreciable time after the 
temperature of the wire has reached the critical temperature, and 
the greater the energy deposited, the more uniform the explosion.
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It is suggested that this is accounted for by the evening-out of the 
temperature profile due to arc-formation as described above (in 
relation to curve 5).
6.2 Microwave Behaviour
The microwave behaviour in the work on 50 S.W.G. wires is con­
sistent with the observed explosion processes. The initial reflec­
tion is considerable, as would be expected from a conducting post 
(the theoretical value is not easy to calculate as the wire is not 
connected to the wave guide at the faces, but runs through bushes, 
and there is slight power leakage along it). As the wire resistance 
rises, the reflection falls and then when the first arcs appear, the 
reflection rises considerably again. Finally, when the arcs cease 
and the wire is left as a series of disconnected fragments, the 
reflection is low. (Experiments performed to measure the reflection 
coefficient for a wire when cold, when heated by a steady current, 
and when broken at several points, give results in agreement with 
these predictions.)
At the higher energies with 48 S.W.G. wires, the predictions 
of the computations discussed in section 5.4.6 appear consistent with 
the microwave behaviour in qualitative terms. At the temperatures 
reached during the initial explosion, considerable ionisation of the 
plasma formed must occur. This ionisation gives a plasma which is
highly conducting at microwave frequencies and hence appreciably 
reflecting. The results of the computation show that the plasma 
remains appreciably reflecting until, at a time which decreases with 
increasing input energy and expansion rate, the properties change 
rapidly to those which give nearly complete transmission and low 
■reflection. However, the quantitative agreement is not good, as 
the actual values of t^ appear shorter than the predicted values by 
a factor of about three indicating some additional form of energy 
loss, and it is suggested that this is probable due to energy trans­
port across the plasma boundaries by high temperature ions and 
electrons.
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APPENDIX I 
Spark Gap Trigger Circuits
These two units were designed by the author to trigger the two 
spark gaps, each unit providing an independently variable delay.
For triggering the spark gap a negative trigger pulse is used, 
applied to a central electrode in the earthed hemisphere with the 
positive voltage of the main circuit on the opposite hemisphere.
This gives the fastest and most consistent triggering (due to the 
higher velocity of electron streamers as opposed to ion streamers in 
initiating the spark channel across the gap).
As the actual triggering required a two kilovolt pulse with a 
fast rise-time, hydrogen thyratrons were used. Valves were used in 
these units as the voltage required to fire the thyratrons satis­
factorily was about 200 volts into a low impedance.
The circuits of the two units are given at the end of this 
appendix (Figs. 3 6 a &. b)
In the final circuitry the initiation of firing by a pulse from 
the oscilloscope camera shutter contacts (see Chapter III) was via a 
thyristor in the master unit. This eliminated problems encountered 
earlier due to mechanical bounce and jitter from the contacts causing
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multiple pulses and misoperation. Once the thyristor has triggered 
the 1 st monostable, the gate voltage remains negative for about half 
the monostable period (i.e. about 1 /2 0 ^^ of a second) which prevents 
further pulses occurring.
When the incoming pulse has fired the thyristor a negative pulse 
passes to VI, normally operating as a long period (0.1 second) mono­
stable, causing it to change to the metastable state and giving a 
fast, positive-going pulse at Via anode.
The positive pulse is applied to V2, a variable delay monostable, 
changing its state; it also passes through the pulse amplifier and 
shaper, V3, and on through a resistor-diode-capacitor network to 
trigger the variable-delay monostable, V7, in the slave unit.
Both monostables are now in the metastable state and after delays 
of between three and twenty microseconds, adjustable independently by 
variable resistors on the front panels of the units, they revert to 
the stable state.
This produces a positive going voltage stop from V2b (or V7b) 
anode which is amplified, shaped and inverted by the next two stages, 
V3a,b ( or V8 a,b) and applied to the grid of a heavily conducting 
valve, 3/4 (or V9).
This produces a 200 volt, positive going pulse at the anode which 
is then applied via a cathode follower V5 (or V10) to the grid of the 
hydrogen thyratron causing it to conduct. This short circuits one
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side of the 0.5 microfarad capacitor in the anode circuit to earth 
from its initial voltage of +2kV, causing the voltage on the other 
side to rise to -2kV, and this voltage appears on the central trig­
gering electrode in the earthed hemisphere of the spark gap, resulting 
in breakdown of the gap.
A 75 ohm resistor is incorporated in the path of the triggering 
pulse at the spark gap, to damp out the ’ringing* of the triggering 
circuit which otherwise occurs on breakdown of the gap.
Testing Facilities
In addition to the firing of the units by an external input 
from the camera contacts the units could be triggered directly for 
test purposes. This was done either by operating SI, a push-button 
switch on the master unit, which produced a single firing of the 
thyratrons, or by closing S2, a two-way switch on the master unit 
which converted the initial monostable (Vla,b) to a free running 
astable and produced a series of pulses at a rate of about one per 
second.
When the thyratrons were operated direct from the master unit 
in this way, synchronisation of the oscilloscope was achieved by 
means of the signal from the output of the network on V3b anode, 
brought out to a belling-lee co-axial socket labelled ’sync1 on the 
front panel of the master unit.
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APPENDIX II 
The Current Measuring Resistor
The current resistor was of unusual design and the details of 
the design and the method used to check the calibration are covered 
in this appendix.
Construction
This takes the form shown in Fig. 37 on the next page. The 
current flowing from the spark-gap via the hemisphere passes through 
a brass sheet with a B.N.C. socket bolted to it, mounted on a per­
spex sheet. The current then flows through an aluminium foil strip, 
folded double with thin paper between the two halves. One end of 
the foil rests on the brass sheet, the other makes contact with a 
brass strip let into a second sheet of perspex. The two perspex 
sheets are then clamped together tightly and the brass strip soldered 
to the centre conductor of the B.N.C. socket. The circuit connection 
to the wire bracket which supports the wire before explosion (via a 
2 B.A. brass volt with the head in contact with the strip) is omitted 
for simplicity.
Principle of Operation
The inductance of a circuit is the flux produced per unit current, 
i.e. L = $/I (M.K.S. units). In this resistor the current flows
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through the aluminium foil producing a line current of I/b where b 
is the breadth of the foil strip (see Fig. 3 8  ) and producing a
field of I x n/b amps/m at the foil surface. The total field pro­
duced by both halves of the strip is of magnitude 2I/b between 
them (the fields adding) and to a first order zero outside (the 
fields opposing). The flux all passes through the region enclosed 
by the strip, and is given by
$ = yQ.2.i.l.t/b webers
Hence
L = 2.y0.l.t/b
The resistance of the strip is
R = 2. p . 1/b .w
Thus the inductance to resistance ratio can be altered by 
changing w, the thickness of the foil, or t, the thickness of the 
insulation, to give a small value of L/r .
In this particular case the insulation used was a thin sheet of
_5
paper 6,75 x 1 0  m. thick (2.7 thou.) giving a calculated inductance 
of 3.6 x 1 0  Henries (which could be appreciably reduced by the use 
of a thinner insulating sheet).
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Calibration Check
The resistor was initially calibrated by means of a standard 
resistor and potentiometer, the D.C. value of resistance being 5.95 
milliohms. This was then checked by a method which enabled the 
resistance to be determined under actual operating conditions.
The measuring resistor was placed in its usual position and a 
thick wire soldered in place. When the capacitor was discharged, 
the current produced a damped sinusoidal waveform of voltage across 
the resistor which was displayed on the oscilloscope and photo­
graphed. The logarithmic decrement of the circuit was measured 
from the trace and hence the energy loss/Jcycle calculated. Then 
the energy initially stored on the capacitor (sCV?), less this 
amount of energy, was equated to sLi^ 2  where I is the value of
the first peak on the current waveform and L is the inductance of 
the circuit determined from the frequency of oscillation of the 
discharge.
This value of the current peak was checked against that cal­
culated from the D.C. value of the resistor and the oscilloscope 
sensitivity, and the results agreed within 2 %.
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APPENDIX III 
Timing Unit
This unit, as explained in Chapter III, is the unit which per­
forms the synchronising of the explosion and photographs. Trans­
istors were used throughout the unit as no great power was required, 
and the unit was cheap, compact, robust and very reliable. It was 
built into a small aluminium box (unit E, Fig. 15) which contained 
its own ± 12 V.D.C. power supply.
The circuit of the timer unit (but not of the supply) is given 
in Fig. 39 at the end of this appendix. The unit has two parallel 
channels, one for each photomultiplier, and each has a long-tailed 
pair at the front end which amplifies the incoming pulse. The 
amplified pulse is sufficient to switch on the following PNP trans­
istors (T3/T8) fully for the pulse duration, and these in turn 
switch on the NPN transistors in their collector circuits (T4/T9). 
These NPN transistors have a common 470 ohm collector load, and the 
two previous PNP transistors drive a common emitter follower (T5) 
via diodes, so that a pulse on either channel will give simultaneous 
positive and negative 24 volt pulses, which are sufficient to drive 
the Z-modulation circuits of the oscilloscope.
Switching is incorporated which enables the pulses to produce 
bright-up, blanking-out or no effect on the upper and lower beams 
of the oscilloscope independently.
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In addition, there is an emitter follower on channel one (T10) 
which is driven from the collector of T8  to provide a 24 volt posi­
tive pulse from the frame 1 photomultiplier. These pulses go to 
the shutter contacts on the oscilloscope camera, and when the con­
tacts close they return to the unit where they pass through shaping 
networks and on to the spark gap trigger circuits and the timebase 
synchronisation input.
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APPENDIX IV 
COMPUTING
In this appendix the actual programmes are not given, but further 
details of the numerical methods are provided. (A print-out of 
either programme can be supplied on application to the author, 
c/o Brighton Polytechnic.) The checking of the figures produced is 
also covered, as this is a matter of considerable importance when 
using a computer. The checking of a long programme can be very 
difficult, but it is easy for an unnoticed slip to give erroneous 
answers which have an air of spurious authenticity.
Programme One - Circuit Behaviour of the Low Energy Explosions
This programme is the one discussed in section 5.3.P and is 
written in FORTRAN IV. It computes the current, voltage and temper­
ature during explosion, the main part of the programme being split 
into three sections corresponding to the heating from room temper­
ature to the melting point, the melting, and the further heating of 
the molten wire. Concurrently the temperature of a waisted portion 
of the wire of 0  times the cross-section is calculated for checking 
purposes. The assumptions made are those of the analytic approach 
developed in section 5.3.3.
Programme
Firstly, the programme assigns values to the various constants 
such as inductance and capacitance of the discharge circuit, wire 
dimensions, etc.
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Then the initial voltage and a value of theta are read in and 
some further constants dependent on these two are calculated. The 
heading for the table of results is printed, together with the values 
of and 0  just read, the time and current are initially set at zero 
and the charge on the capacitor calculated from the initial capacitor 
voltage as read in. The main part of the programme then commences.
The three loops for the three stages of heating are similar in 
structure. During the loops the sequence of computation is as 
follows: the value of time is increased by an amount St(0 . 2  nanosecs
was used), the resistance is computed from the wire dimensions and 
the resistivity as expressed by the appropriate expression in 
section 5.3.3, and the rate of change of current computed. The
latter is obtained from the expression
dI - 1 rQ t pi
dt " L ‘•C ~ *
i.e. the residual voltage on the capacitor less the resistive drop
dlaround the circuit gives the inductive voltage, L ^  .
The current is then increased by — .<St , and as I = theJ at 9 dt
charge on the capacitor is decreased by I.6 t.
The energy dissipated during this period is calculated from the 
expression
E = I2  R <5t
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and this is subtracted from the existing value of stored energy 
(at t = 0 the stored energy is set = 2  C V^). It is also used to 
calculate the temperature rise in the first and third loops, or the 
increase in energy deposited at the melting point for the second loop.
The first loop is followed until the temperature reaches the 
melting point, the second is then used until the total energy 
delivered at the melting point is equal to that required for complete 
fusion, and the third then used until the run terminates. This 
occurs when the temperature of the infinitesimally long, waisted 
portion of wire reaches the critical temperature (9030 K), or when 
the explosion has been followed for 20 microseconds. The next set 
of data is then read in and the programme starts again.
Print-Out
The values of time, temperature, temperature of the waisted 
portion, current, resistance, resistive voltage drop across the wire 
(I.R), capacitor voltage (Q/C) and energy dissipated are printed out 
every 2 0  nanoseconds for the first 600 nanoseconds of heating, and 
then at 2 0 0  nanosecond intervals thereafter, until that run terminates. 
Print-outs are also produced at the change-over between loops, i.e. at 
the start and finish of melt.
Checking
Apart from the usual checking through of the programme, there are 
two specific checks built into the programme. The first is the cal-
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culation of the energy dissipated by two different methods; firstly 
by subtracting from the current value of stored energy the incre­
mental energy dissipated each time around the loop, and secondly as a 
check, each time the results are printed out the energy stored at 
that time (Jc V2  + i L I2) is subtracted from the original stored 
energy (J C V?).
The second, rather more valuable check is that provided by the 
value of the temperature of the wire when the waisted portion has 
just reached the critical temperature. According to the results of 
section 5.3.3 this can be calculated analytically for a given 0 and 
should be independent of the wire diameter, the (very non-linear) 
current waveform and the initial voltage.
The results were checked against the values attained in section 
5.3.3, and this proved to be so within close limits (a small error 
being introduced by the numerical methods) for the two diameters, 
various values of 0  and the wide range of initial voltages used.
Programme Two - Explosion Behaviour of 48 S.W.G. Wires
This programme, discussed in section 5.4.6, attempts to assess 
the temperature and microwave properties of the plasma in the guide 
after explosion. It was written in Algol.
Programme
Firstly, the values of various constants (physical constants, 
wire dimensions and properties, etc.) are assigned and then the first set
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of data is read in. The data for a given explosion consists of the 
initial and final values of capacitor voltages, the time at which the 
minimum occurs (t^ .), the time for which the explosion is to be 
followed (the maximum time for which the wire diameter/time polynomial 
is valid), and the coefficients of the polynomial. The values of 
initial and final capacitor voltage are printed out together with 
headings for the table of results, and where appropriate the data 
read in is converted to S.I. units. (S.I. units are used throughout 
both programmes.)
The energy lost by the capacitor is calculated and the energy 
required to heat the wire to its boiling point (2570 K) subtracted 
from this. (Should the result be negative, an error is signalled and 
the programme restarted with fresh data.) The energy required to 
evaporate the whole of the material is then subtracted, or if only a 
fraction of this is available then only the same fraction of the 
material is assumed evaporated. Any remaining energy will then raise 
the temperature further, the maximum possible temperature, Tq, being 
given by
T = 2570 + E/(3/2 N k)o
The actual temperature will be less than this due to ionisation, 
as some energy will be absorbed by the ionising process and also the 
remaining energy will have to be shared amongst an increased particle 
population.
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To calculate the initial temperature numerical methods are used. 
Starting with some value of temperature, T, the values of ionisation 
at that temperature are calculated (using equations (33), (35)), the 
value of Tq is then reduced by an appropriate amount to allow for the 
energy E^ ,, used in ionising the plasma to this extent
3
(AT =-E./ttN k), and the value of temperature, T , which should 
o l 2  o * r 9 m*
result due to sharing out the translational energy remaining amongst 
the total atom/ion/electron population is computed
T = T/{1 + XjQ + x2)} . . . (42)
If the initial value of temperature used is too high, the values 
of ionisation are greater than they should be and the value of T^ is 
too low, and vice versa. Therefore, the average of the two,
(T + T)/2, is taken to provide a better approximation, the calcula­
tion repeated and the process continued until the values of T and T^ 
are within 1 % of each other (and hence within ~£% of the true value), 
giving the value of the initial temperature.
Having found the initial temperature, the next step is to cal­
culate the temperature during cooling. In this case the rate of
>
energy loss by radiation is computed from equation (37) 
dE
(■rr = a A T), the time St taken to lose 4% of the (translational) dt ’
energy calculated, and the energy is then decreased by 4 %and the time 
increased by St. The new temperature is found by a similar method 
to that above; x1 9 x2  are calculated, the internal energy of the plasma 
altered by the appropriate amount to allow for any change in the
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degree of ionisation, the temperature found from equation (2f2 ) above 
and compared with the initial value and if necessary the calculation 
repeated with an improved value, obtained in this case by adding or 
subtracting small increments to the temperature (the method of 
averaging the two values is not used as it does not always converge 
satisfactorily in this case).
In practice, after each reduction of energy to allow for cooling, 
the initial temperature was taken as 99§% of the previous value which 
gave a good approximation to the correct answer to start with, and 
generally only one execution of the loop was required to obtain self- 
consistent values of T.
A further term was added after the loop, to allow for the energy 
delivered to the shock wave produced at explosion, using a fairly 
simple strong shock theory, but the energy difference is not large 
and the effect on the computed values was not very marked.
Print-Out
To assess the properties of the plasma, the programme enters a 
procedure at half microsecond intervals during cooling which cal­
culates certain quantities for the plasma at that time.
The quantities printed out are the time, plasma diameter, 
temperature and ionisation (xj only), and the following additional 
quantities:-
The number density of ions and atoms; the electron 
_3
density ( m m  ); the collision frequency, v, deter­
mined as explained in Appendix V; the Debye length 
and plasma frequency (equations (39) and (41)); and 
real and imaginary parts of the complex dielectric 
constant (equations (2 1 ) and (2 2 )); the skin depth,
(equation (24)); and finally the pressure, calculated 
on the assumption that the copper acts as a perfect 
gas.
At the time t^, the words ’Time of Change* are printed out for 
reference.
Checking
The checking was more difficult in this case as no alternative 
assessment of the values obtained was available. The checks per­
formed were those of working through certain of the mathematics 
using a hand-calculator, and rigorous checking of the programme 
against the source equations.
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APPENDIX V
CALCULATION OF EFFECTIVE COLLISION FREQUENCY
This frequency is the reciprocal of the time taken for an 
electron to be sufficiently scattered for its direction of travel to 
be uncorrelated with the initial direction9 and the approach used is 
that used by Heald and Wharton in Reference (18). This starts with
i
I
the Rutherford formula as applied to the deflection of an electron 
by an ion of charge Z
tan i<f> = Z e'
4 7T e m vz b o
. . (43)
where $ is the angle of deflection of an electron with impact parameter
b. Hence 5 for a deflection of at least (J>, the cross-section q is
9
given by
%  = *
Z e*
4 7T e m v'o
cot2 • . (44)
and the corresponding collision frequency is
v<, = 11 Nz
Z e‘
4 rr e mo •
cot2  g(f> (45)
where N^ is the number of ions of charge Z.
The collisions are now divided into two types, categorised by the
7T TT
conditions j <fs > — and $ < — . A particle undergoing a deflection
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IT<f> > ~ is considered to have had its momentum randomised by the one 
collision, and there is for this type of collision alone a collision 
frequency of
f z e2 1 1 , ^
V90+ 1 !i £ in 3 . . .  (46)
V o - '  XT'3
The second category of collisions covers those for which <f> may 
be quite small, requiring numerous such collisions to properly 
randomise the motion. The total deflection <f> is given as the root 
mean square of the individual collisions (successive collisions being 
in random directions)
i.e. 9 2  = (<|>2  + <{>2  + c}>2  + ... )
If there are dv^ collisions/sec. giving deflections between 
and <J)+d<{>, then the total deflection after t seconds is given by
max
m m
<f>2 t dv, 
9
and from equation (4 5 ), using the approximation tan$ / 2  = <f> / 2
2
dv, = Tr N_ 
9 Z 4 tt e ml 3 3 ^  . . .  (47)v o J v“ <f>°
Hence
(j)2- = t 8 ¥ HZ f Z e2 I23 [4 jt e m i ) , . . (48)
v °  V o
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This equation enables one to calculate the time, t(<j>) to achieve 
a total deflection <j>; and if a cumulative deflection of tt/2 is 
regarded as sufficient to produce randomisation of the coherent 
momentum produced by the applied signal, such randomisation occurs 
every t(7r/2 ) seconds. This gives an effective collision frequency of
A
t(¥/2 ') ^°r bbese distant collisions 3 i.e.
=  Z
90. o7T V° 4 7T £ m O •
Finally the limits <f> , d> . over which the integration isJ Ymax9 Ym m  &
taken must be fixed.
For 6  the value of tt/2 is taken, as all close collisions are Ymax 9
included in equation (46). This value leads to some inaccuracy due 
to the approximation tan< { > / 2 = (j> / 2  used in equation (4 7 ), but as it 
appears logarithmically the effect is not too serious. The value 
of must be finite to prevent divergence of the integral, and
it is set equal to the anga.e for which the impact parameter b is 
equal to the Debye length X^, as for b > X^ the particle is always 
effectively sore>oned from the ion by its plasma sheath. Inserting 
these values gives
32 NZ I2V90_ 3 14 ir e m
ir v v o ‘
log
b90
. . . (50)
where b is the impact parameter for <J> = tt/2 and from equation (4 3 )90
is
r 12i4 -
90
Z e2
4 t e m v'o
(51)
We can now evaluate v, the total electron-ion collision
frequency: If A, < b 9 the Debye screening is such that onlyCL 90
close collisions are effective, and the cross-section can be 
written as
q = N 7r A§Z u
giving
V = N TT A J v z d
where
e K T 
= — ----
N e2  e
and v r8 K TV
tt m
If A^ > b , the total collision frequency is the sum of
that with b < b and that with b > , i.e.90 90 J
V = V + V90+ 90.
.T Nr
V3
( Z e2  I {l + —  log
1 o rxd ]4 t e m bn. ^ o J T , 90^ J (52)
In the present calculation two species of ion are considered, 
singly and doubly ionised, and the total collision frequency is the 
sum of the collision frequencies for each of the species.
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T A B L E  I
Polynomial Coefficients
The polynomial giving the wire diameter, d, (in metres) in terms 
of time, t, (in microseconds) is:
2 3 4  5 6
d  — CQ + C-^  ■ t + C g . t  + c ^ . t  + c ^ . t  + c ^ . t  + c ^ * t
The number in brackets after each coefficient is the power of ten by 
which it is multiplied, and tmny is the maximum time for which that polynomial 
is valid.
vi tmax 
(ji sec]
°o °1# °2
50 S .7.G .
. c3 °4 °5 °6
5 31.3 2 .5 3 6 (-5 ) 1 .3 6 8 (-4 ) -4 .3 3 0 (-5 ) 6 .313 (—6) - 3 .925(“7; 1 .0 9 8 (-8 ] —1.143 ( —10)
5 .4 26 2 .5 4 0 (-5 ) -3 .1 0 6 (-5 ) 3 .7 7 1 (-5 ) -4 .9 2 0 (-6 ) 3 .4 2 6 (-7 ) -1 .2 2 5 ( -8 ) 1 .7 1 0 (-1 0 )
5 .9 36.3 2 .5 5 1 (-5 ) 4.681 ( -5 ) 8 .5Q 4(-6 ) -1 .6 5 9 (-8 ) -3 .4 9 8 (-8 ) 1 .3 4 8 (-9 ) -1 .4 8 4 (-1 1 )
6 .3 12.5 2 .5 4 3 (-5 ) -1 .7 5 5 (-4 ) 2 .8 6 2 (-4 ) -9 .9 6 1 (-5 ) 1 .689 (-5 ] -1 .295  ( -6 ) 3 .6 i 6 ( -8 )
7 .2 13.9 2 .5 3 6 (-5 ) 2.033 ( -4 ) -8 .9 4 5 (-5 ) 4 .7 8 5 (-5 ) -7 .5 7 4 (-6 ) 4 .8 5 5 ( -7 ) -1 .1 1 5 (» 8 )
8.1 13.3 2 .5 4 6 (-5 ) - 2.7 2 6 (-4 ) 4 .3 1 2 ( ^ ) -1 .0 8 3 (-4 ) 1 .3 1 5 (-5 ) -7 .9 1 4 ( -7 ) 1 .8 5 9 (-8 )
9 .0 14 2 .5 5 1 (-5 ) -3 .6 9 0 (-4 ) 5.908(^4-) -1 .4 8 0 (-4 ) 1 .6 3 0 (-5 ) - 8 . 425( -7 ) 1 .6 6 9 (-8 )
19.9 13.1 2 . 541( _5) -1 .6 7 8 (-4 ) 6 .9 5 2 (-4 ) - 2 . 256( - 4 ) 3 .1 2 0 (-5 ) - l .9 6 9 ( - 6 ) 4 . 6 5 8 (-8 )
10.8 13 2 ,5 4 0 (-5 ) -1 . 722(^4 ) 6 .0 9 2 (-4 ) -1 .7 5 8 (-4 ) 2 . 281( - 5 ) -1 .4 13  ( -6 ) 3 .3 8 0 ( -8 )
1 2 . 6 11.7 2 .5 3 3 (-5 ) 2 .312(^4) 4 .4 3 4 (-4 ) -1 .3 9 9 (-4 ) 1 .6 3 7 (-5 ) -7 .5 7 3 ( -7 ) 9.515 ( -9 )
14 .4 12.1 2 .5 2 8 (-5 ) 2 .1 9 5 (-4 ) 6 .828(^4) -2 .5 4 9 (-4 ) 4 . 086( - 5 ) -3 .0 2 9 ( -6 ) 8 .4 6 o ( -8 )
16.2 14.9 2 .5 1 9 ( -5 ) 4 .1 7 0 (-4 ) 2 .1 7 5 (-4 )  
48 s .w .g .
-3 .9 6 2 (-5 ) 1 .6 9 0 (-6 ) 6 .3 5 5 (-8 ) -4 .3 27  ( -9 )
23.4 14 4 .0 7 7 (-5 ) 4 .3 9 1 (-4 ) -7 .2 2 8 (-5 ) 2 .4 9 1 (-5 ) - 3 .278 ( -6 ) 1 .7 6 0 (-7 ) -3 .1 5 7 ( -9 )
23.2 15 4 .0 6 4 (-5 ) 5 .3 0 7 (-4 ) 1.405 ( -4 ) -3 .5 3 6 (-5 ) 3 .6 9 4 (-6 ) —1.91 o (—7 ) 3 .9 4 7 (-9 )
27 8 4 .0 8 2 (-5 ) 6 .8 9 0 (^ ) 5 .6 9 6 (-4 ) - 3.005 (-4 ) 7 .2 3 4 (-5 ) -8 .2 9 5 ( -6 ) 3 .6 2 8 (-7 )
T A B L E  2
Pata for 50 S.W.G. Copper Wires
Diameter = 0.0025 m. 
Length = 0.14 m-
Circuit Constants <
L = 0.409 pH 
C = 0.094 pF
Initial
Voltage
(kV.)
Final
Voltage
(kV.)
Energy
Dissipatec
(j/mg)
Time per 
frame 
(p sec)
Time (p sec 
melt is 
complete 
(computed)
;) after Expl 
arcs 
appear
os ion when: 
minimum 
occurs
5 0.25 1.86 0.76 0.60 37.5
5.4 0.75 2.13 0.79 0.48 7.5 16.5
5.9 1.5 2.43 0.79 0.38 - 12.0
6.3 2.3 2.56 0.308 0.32 4.4 9.0
7.2 3.75 2.81 0.308 0.23 3.5 5.0
8.1 5.25 2.83 0.308 0.17 2.2 4.0
9.0 6.6 2.79 0.316 0.13 1.4 3.8
9.9 8.0 2.53 0.322 0.10 0.8 2.4
10.8 9.0 2.66 0.312 0.09 0.25 3.0
12.6 11.1 2.65 0.316 0.07 0.25 2.4
14.4 13.1 2.86 0.305 0.06 0.2 1.6
15.3 14.0 2.84 0.317 0.05 0.15 1.5
16.2 15.0 2.79 0.322 0.05 0.15 1.4
18 16.5 3.86 0.342 0.04 - 1.0
19.8 18.5 4.30 O.324 0.04 — 0.5
21.6 20.0 4.96 0.298 0.04 0.15 0.5
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T A B L E  3
Data for 48 S.W.G-. Popper Wires 
Diameter = 0.0041 m.
Length = 0.14 m.
I n i t i a l
V o ltag e
(kV.)
P in a l
Voltage
(kV.)
Energy
D is s ip a te d
(j/m g )
Time p e r 
fram e 
(|x sec)
Tim e of 
Minimum 
(u sec)
V
21 .6 -3.0 13.41 0.77 38.6
23.4 -1.4 15.99 0.316 13.2
25.2 0.3 18.61 0.331 l.K
27.0 1.3 21.31 0.252 4*8
C ir c u it  C onstants *
L » 0.409 pH. 
C = 0.094 pB*«
— 1 if8 —
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